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FOREMORD 
I 
An exploratory experimental and theo re t i ca l  invest igat ion of gaseous nuclear 
rocket technology is  being conducted by the United Aircraf t  Research Laboratories 
under Contract SNPC-70 with the  j o i n t  AEC-NASA Space Nuclear Propulsion Office. 
The Technical Supervisor of the Contract f o r  NASA i s  Captain C. E. Franklin (USAE'). 
Results of portions of the invest igat ion conducted during the  period between 
September 16, 1969 and September 15, 1970 are  described i n  the following eight 
reports  (including the  present repor t )  which comprise the  required first Interim 
Summary Technical Report under the Contract: 
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Analytical Studies of Start-up and Dynamic Response 
Characterist ics of the Nuclear Light Bulb Engine 
SUMMARY 
Analytical s tudies  were conducted t o  evaluate systems f o r  control of the 
reference nuclear l i g h t  bulb engine during s tar t -up and a t  nominal full-power 
operating conditions. Analytical models of the control systems were incorporated 
i n  the d i g i t a l  computer simulation programs developed previously t o  determine 
operating conditions of the reference engine during s tar t -up and the t rans ien t  
response of t he  engine t o  various perturbations a t  the nominal full-power operating 
leve 1 
Additional analyses were conducted (1) t o  determine the e f f e c t s  of off-design 
f l o w  f luctuat ions and fabricat ion tolerances on the operating conditions of the 
reference engine, ( 2 )  t o  compare c r i t i c a l  mass calculations w i t h  r e s u l t s  of experi- 
ments on a seven-module cavi ty  reactor ,  (3) t o  determine the design parameters such 
as radiator  materials and operating temperatures and pressures f o r  a space rad ia tor  
t o  r e j e c t  a portion of the moderator heat load, and (4) t o  investigate the design 
charac te r i s t ics  and performance of an a l t e rna te  nuclear l i g h t  bulb engine configura- 
t i o n  employing uni t  c e l l s  of smaller diameter than those envisioned f o r  the reference 
engine e 
Start-up i s  divided i n t o  two phases. The f i rs t  phase requires about 80 see 
(1) t o  bring the turbopump up t o  operating speed, (2) t o  pressurize the  engine t o  an 
i n i t i a l  condition required t o  achieve containment of a c r i t i c a l  mass (20 a t m  or 
g rea t e r ) ,  (3) t o  i n i t i a t e  f l o w  i n  a l l  c i r c u i t s ,  (4)  t o  s ta r t  f u e l  inject ion t o  obtain 
cold c r i t i c a l  mass, and (5) t o  s t a b i l i z e  engine a t  0.1 percent of f u l l  power. The 
second phase consis ts  of a s tar t -up ramp i n  power from 0.1 t o  100 percent of f u l l -  
power operation. 
vent the use of s tar t -up times f o r  the second phase as short  as 6 see using a l i n e a r  
ramp i n  f u e l  temperature. 
l e v e l  and the  rate-of-change of power l e v e l  during both phases of start-up. Control 
signals from the neutron sensors a re  used t o  adjust  f u e l  inject ion rate such t h a t  the 
desired s tar t -up power p ro f i l e  i s  produced, 
In  s tudies  t o  date,  no l imitat ion has been found which would pre- 
Neutron detectors a re  employed t o  sense absolute power 
During the second phase of s tar t -up,  
1 
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propellant,  coolant, and buffer gas f l o w  rates and exhaust nozzle flow area are a l so  
controlled by s ignals  from the neutron detectors  which measure absolute power l eve l ,  
The var ia t ion  of t he  exhaust nozzle f l o w  area i s  the primary means of es tab l i sh ing  
the desired pressure p ro f i l e  during s tar t -up.  Small pressure d i f f e r e n t i a l s  within 
the engine a re  controlled by t ransfer  chambers which allow rapid t r ans fe r  of gases 
between regions of s l i g h t l y  d i f f e ren t  pressures.  
The UNIVAC 1108 d i g i t a l  computer simulation program f o r  the  reference engine, 
which includes ana ly t ica l  models of the thermal and flow dynamics of t he  nuclear 
f u e l ,  buffer  gas, coolant, and propellant loops and the i r  coupling t o  the  neutron 
k ine t ics  equations 
the engine during perturbations near full-power operating conditions and (2) t o  
incorporate the simulation of t r ans fe r  chambers added t o  the  reference engine design 
t o  minimize pressure d i f f e r e n t i a l s  across the transparent s t ruc ture  during power 
perturbations.  Control of the engine was achieved by varying f u e l  in jec t ion  control  
valve area (hence, f u e l  in jec t ion  r a t e )  based upon s ignals  from neutron detectors  
which sense absolute power l e v e l  and the rate-of-change of power leve l .  It was 
concluded t h a t  s a t i s f ac to ry  control  of the engine can be achieved during full-power 
operation on the basis of calculated responses of the controlled engine t o  perturba- 
t i ons  i n  r eac t iv i ty ,  f u e l  in jec t ion  r a t e ,  exhaust nozzle flow area,  turbopump wheel 
speed, and f u e l  region radius.  Pressure d i f f e r e n t i a l s  across the transparent 
s t ruc ture  f o r  the  power perturbations analyzed were l imited t o  less than 1 lb/in.2 
by the transfer chamber pressure equalization system. 
was expanded (1) t o  include simulation of systems f o r  control l ing 
The study a l s o  indicated the d e s i r a b i l i t y  of addi t ional  work i n  ce r t a in  areas. 
Continued analysis  of the s ta r t -up  charac te r i s t ics  should be made t o  incorporate the  
var ia t ions  i n  r e a c t i v i t y  coef f ic ien ts  and evaluate engine s t a b i l i t y  during start-up. 
Further analysis should a l so  be directed toward determining the fac tors  which impose 
an absolute lawer l i m i t  on the time required fo r  both phases of start-up. The 
s e n s i t i v i t y  of engine response t o  var ia t ions i n  f u e l  in jec t ion  system acoustic lags 
and pressure f luctuat ions indicates  t h a t  the design and response charac te r i s t ics  of 
the f u e l  in jec t ion  system should be analyzed i n  greater  d e t a i l  and the r e s u l t s  
incorporated i n  the dynamics simulation program. In  addition, engine shutdown should 
be investigated t o  determine the engine performance and control  requirements during 
both a slow shutdown and an emergency shutdown, Analyses of shutdown procedures 
should be extgnded t o  include invest igat ions of a f te rhea t  removal requirements and 
a c t i v i t y  l eve l s  i n  the engine a f t e r  shutdown, The ac t iva t ion  analysis could be used 
t o  determine the  r eusab i l i t y  of the engine by determining the access ib i l i t y  of the 
engine a f t e r  shutdown, 
2 
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RESULTS AND CONCLUSIONS 
'3 
1 
k 
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1. A s tar t -up mode which provides a l i n e a r  change i n  average f u e l  temperature 
w i t h  t i m e  reduces the maximum r a t e  of increase i n  temperature and pressure during 
s ta r t -up  r e l a t i v e  t o  l i nea r  power s ta r t -up  ramps, The r a t e  of change of average f u e l  
temperature f o r  a 6-sec l i nea r  f u e l  temperature ramp i s  7500 deg R/sec compared with 
a maximum value of 10,000 deg R/sec f o r  a 60-sec l i n e a r  power s ta r t -up  ramp. 
2. Pressure d i f f e r e n t i a l s  across the  transparent walls may be minimized by use 
of a t r ans fe r  volume connected t o  the  propellant and vortex regions. 
differences between these regions displace a diaphragm i n  the t r ans fe r  volume and 
cancel any pressure d i f f e r e n t i a l  by t ransfer r ing  the  required volume of gas from t h e  
high-pressure region t o  the low-pressure region. The diaphragm provides a posi t ive 
ba r r i e r  t o  eliminate the poss ib i l i t y  of f u e l  leaving the  vortex region and enter ing 
the  propellant regions 
Pressure 
3. The m a x i m u m  r a t e  of change of pressure during s ta r t -up  f o r  which pressure 
equalization across the transparent walls could be maintained f o r  a t r ans fe r  volume 
of 4.5 f t3  was calculated t o  be 100 atm/sec. 
6-see l inear  f u e l  temperature s tar t -up ramp i s  below t h i s  l i m i t .  
The r a t e  of change of pressure f o r  a 
4. It was determined t h a t  the form of f u e l  most desirable  f o r  in jec t ion  i n t o  
the  vortex region during s ta r t -up  and full-power operation would be uranium dust 
transported by a c a r r i e r  gas unless, during s tar t -up,  it i s  impossible t o  prevent 
centrifuging of pa r t i c l e s  o r  l iqu id  droplets  t o  the transparent walls during the time 
required t o  vaporize the nuclear f u e l ,  In  that case, uF6 should be employed during 
phase I and the i n i t i a l  p a r t  of phase I1 of start-up. During full-power operation, 
buffer-gas bypass flow which serves t o  cool the spent f u e l  and vortex buffer  gas as  
it enters  t he  thru-flow ports  should be regulated t o  cool the  uranium rapid ly  t o  
temperatures wel l  below i t s  melting point of 2600 R e  
duct wal l  geometry and select ion of flow conditions required t o  minimize deposit ion 
of condensed f u e l  on the  duct walls should be the objective of an experimental t e s t  
program, 
Invest igat ion of the thru-flow 
5. The c r i t i c a l  mass of U-233 var ies  during l inear  fue l  temperature s ta r t -up  
ramps from 27.1 l b  a t  zero-power conditions t o  peak values of 37.1 and 34.2 l b  a t  
the end of the 6-see and 60-see s tar t -up ramps, respect ively.  After reaching the 
peak values, t he  c r i t i c a l  mass requirements decrease slowly t o  the full-power value 
of 30.9 l b  when the bulk moderator materials (Be0 and graphi te)  reach t h e i r  full-power 
operating temperatures about 200-300 see a f t e r  i n i t i a t i o n  of the s tar t -up ramps. 
C r i t i c a l  mass of U-233 during the 60-see l i nea r  power s ta r t -up  ramp varies  from 
18,6 l b  a t  zero power conditions t o  28,2 l b  a t  the  end of the s ta r t -up  ramp, and then 
3 
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approaches 30.9 l b  asymptotically as  the bulk moderator mater ia ls  heat up. The 
peaking of c r i t i c a l  mass during l i nea r  f u e l  temperature s tar t -ups causes the 
reference design f u e l  containment l i m i t s  t o  be exceeded, These peaks can be 
eliminated by lowering the  in i t ia l -condi t ion  pressure f o r  phase I1 of s ta r t -up  t o  
a value approaching the 20 atm employed for  the 60-sec l i nea r  power s ta r t -up  ramp. 
6. Sat i s fac tory  control  of the engine can be achieved by varying f u e l  
in jec t ion  control  valve area (hence, f u e l  in jec t ion  r a t e )  based upon s igna ls  from 
neutron detectors  which sense absolute power l e v e l  and rate-of-change of power 
l eve l ,  Typical responses of the  controlled engine t o  various perturbations i n  
r e a c t i v i t y ,  f u e l  in jec t ion  r a t e ,  t h rus t  nozzle flow area,  turbopump wheel speed, 
and f u e l  region r a d i u s  a r e  i n  the  form of rapid osc i l l a t ions  i n  power which a re  
rap id ly  damped and e i the r  converge t o  a new steady s t a t e  value or vary, w i t h  a long 
period, between the control  l i m i t s .  
7. Pressure d i f f e r e n t i a l s  across the transparent s t ruc ture  for  the  power 
perturbations analyzed were l imited t o  l e s s  than 1 p s i  by a t ransfer  chamber 
i n  thickness.  
pressure equalization system of 7.6 f t  3 i n  volume employing a diaphragm 0.005 i n .  
8. The analysis  of temperature var ia t ions from the nominal design values due 
t o  l o c a l  var ia t ions i n  heat deposit ion,  coolantflow r a t e s  and dimensional tolerances 
indicated that it may be necessary t o  reduce the nominal operating temperatures i n  
some components i n  order t o  reduce the probabi l i ty  of exceeding the maximum allowable 
temperature i n  the components. In  pa r t i cu la r ,  the nominal value of the  peak 
temperature i n  the transparent s t ruc ture  i s  calculated t o  be 2490 R which i s  only 
80 R below the maximum allowable mater ia l  temperature of 2570 R. The s t a t i s t i c a l  
analysis  of the assumed var ia t ions  i n  nominal operating temperatures indicates  t h a t  
t he  probabi l i ty  of exceeding 2570 R i n  t h i s  component i s  approximately 50 percent. 
This probabi l i ty  of exceeding the maximum allowable temperature of 2570 R may be 
reduced t o  the order of 0.0001 by e i the r  reducing the nominal operating temperature 
t o  2250 R or by reducing the  possible var ia t ions  i n  temperature by improving the 
tolerances on s t r x t u r a l  dimensions e 
9. C r i t i c a l  masses were calculated which were 11 t o  16 percent l e s s  than 
values measured i n  GE-Idaho experiments w i t h  a seven-module cavi ty  reactor  fueled 
w i t h  U-233 and employing heavy-water moderator material .  
worths f o r  the seven-module reactor  were a l so  calculated t o  within 15 t o  20 percent 
of the measured values. The calculat ions were made using a one-dimensional neutron 
t ransport  theory analysis  i n  spherical  geometry, 
Fuel and hydrogen r e a c t i v i t y  
-. 
5 
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e :  
? 
,. . 10. Studies of weight-optimized space rad ia tors  indicated t h a t  t he  t o t a l  
rad ia tor  weight required t o  r e j e c t  a given amount of heat  from the engine var ies  
considerably w i t h  the  operating temperature leve ls  i n  the  rad ia tor .  Minimum radia-  
t o r  weights were obtained f o r  tungsten rad ia tors  operating between 2000 and 3500 R, 
with estimates of a 1000 l b  rad ia tor  weight t o  r e j e c t  1 percent of the t o t a l  engine 
power ( i e e s g  t o  r e j e c t  46 megw). 
11. Preliminary analysis  indicated t h a t  an a l t e rna te  nuclear l i g h t  bulb engine 
configuration i n  which the  diameter of the u n i t  c e l l  was reduced (hence, the number 
of c e l l s  per engine was increased) would have the  advantages of higher allowable 
burst ing and collapsing pressures across the  transparent wal ls  and of being of a 
s i ze  which might be more e a s i l y  t e s t ed  fu l l - sca l e  i n  a nuclear reactor .  
advantages would r e s u l t  with a s l igh t  reduction i n  engine performance. 
an engine employing 37 u n i t  c e l l s ,  7.4 i n ,  i n  average diameter, would have a spec i f ic  
impulse of 1760 sec and allowable burst ing and collapsing pressures across the  
transparent wal ls  of 6.9 and 7.4 atm, respect ively,  compared w i t h  values of 1870 sec,  
and 1,O and 0.1 atm f o r  the reference engine. However, since the  t r ans fe r  volume i n  
the reference engine appears t o  l i m i t  the  pressure differences t o  acceptable values, 
a change i n  the reference engine t o  a 37-cell  configuration i s  not recommended a t  
the  present time. 
These 
For example, 
I. 
_PI' 
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INTRODUCTION 
Investigations of various phases of gaseous nuclear rocket technology are  being 
conducted a t  the United Aircraf t  Research Laboratories under Contract SNPC-70 
administered by the j o i n t  AEC-NASA Space Nuclear Propulsion Office. Previous 
investigations were conducted under NASA Contracts NAm-847, NASw-768, and NAS3-3382 ; 
under A i r  Force Contracts AF 04(611)-7448 and AF 04(611)-8189; and under Corporate 
sponsorship e 
The pr incipal  research e f f o r t  i s  presently directed toward the closed-cycle, 
vortex-stabil ized nuclear l i g h t  bulb engine e 
concept i s  based on the t ransfer  of energy by thermal radiat ion from gaseous 
f iss ioning uranium, through a transparent wall ,  t o  hydrogen propellant. The basic 
design of  t h i s  engine i s  described i n  d e t a i l  i n  Ref, 1. Subsequent investigations 
which were performed t o  supplement and investigate the bas ic  design and t o  invest igate  
other phases of-nuclear l i g h t  bulb engine component development are  reported i n  
Refs, 2 through 9. Reference 10 includes a summary of per t inent  nuclear l i g h t  bulb 
research conducted through November 1969. 
A s  discussed subsequently, this engine 
The majority of work performed pr ior  t o  1969 was concerned w i t h  the design and 
operating charac te r i s t ics  of the nuclear l i g h t  bulb engine operating a t  full-power 
steady-state conditions (. During the 1969 contract period a d i g i t a l  computer 
simulation model was formulated fo r  the purpose of investigating the t rans ien t  
response of the reference engine t o  perturbations about the full-power, steady-state 
design condition, This engine dynamics model i s  described i n  d e t a i l  i n  Ref. 2. 
In  addition t o  the dynamic response studies,  preliminary investigations of engine 
s tar t -up procedures and operating conditions during s tar t -up were performed. These 
investigations were a l l  based on the reference engine design described i n  Ref. 1 
with modifications which evolved subsequently. 
The objectives of the research described i n  the present report  were (1) t o  
invest igate  fur ther  the t rans ien t  operating conditions during reactor  s tar t -up,  with 
par t icu lar  emphasis on determining the form of f u e l  most appropriate fo r  s tar t -up 
and on formulating a control system concept t h a t  could be employed, (2)  t o  re f ine  
the engine dynamics simulation program t o  include the  most recent modifications t o  
the  reference design and t o  invest igate  the e f f ec t s  of various types of control 
systems on the dynamic response of the engine, and (3) t o  conduct preliminary s tudies  
of the  e f f ec t s  of off-design performance of engine components and design tolerances 
on engine dynamic charac te r i s t ics ,  
6 
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! 
Basic Reference Engine 
The reference nuclear l i g h t  bulb engine design which has resu l ted  from previous 
s tudies  has the following charac te r i s t ics :  
1. 
2 .  
3 .  
4. 
5. 
6. 
7. 
8, 
9. 
Cavity configuration 0-3 seven separate,  6-ft-long cav i t i e s  having a t o t a l  
overa l l  volume of 170 f t3 ,  
Cavity pressure --- 500 atm. 
spec i f ic  impulse --- 1870 sec. 
Total propellant f l a w  (including seed and nozzle t ranspi ra t ion  coolant 
flow) --- 49,3 lb/sec. 
m u s t  --- 92.,OOO l b .  
Engine power --- 4600 me@, 
Engine weight --- 7O,OOO l b ,  
Ratio of average density i n  fuel-containment region t o  neon densi ty  a t  
edge of f u e l  --- 0.7. 
Equivalent axial-flow Reynolds number i n  neon vortex --- 5500. 
The reference engine o f f e r s  the  poten t ia l  of a spec i f ic  impulse more than twice that  
of solid-core nuclear rockets and more than four times t h a t  of chemical rockets.  
Studies a re  underway t o  determine whether s t i l l  higher spec i f ic  impulses are  obtain- 
able w i t h  the  nuclear l i g h t  bulb type of engine, 
Sketches i l l u s t r a t i n g  the  pr inciple  of operation of the engine a re  shown f n  
Fig. 1, 
contained i n  a neon vortex (Fig,  l (b ) )  t o  hydrogen propellant seeded with tungsten 
pa r t i c l e s  t o  increase i t s  opacity. The vortex and propellant regions are  separated 
by an in t e rna l ly  cooled fused s i l i c a  transparent wall. 
(Fig. l ( a ) )  i s  employed i n  the reference engine, ra ther  than one large s ingle  cavi ty ,  
t o  increase the t o t a l  surface rad ia t ing  area a t  the edge of the f u e l  f o r  a given 
t o t a l  cavi ty  volume, 
Energy i s  t ransferred by thermal rad ia t ion  from gaseous nuclear f u e l  
A seven-cavity configuration 
7 
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A schematic diagram of the current engine flow c i r c u i t s  i s  shown i n  Fig,  2. 
Neon i s  injected from the  transparent wal l  t o  dr ive the vortex, passes a x i a l l y  toward 
the end wal ls ,  and i s  removed through por t s  a t  the center  of one o r  both end walls 
(Fig. l ( b ) ) .  The neon discharging from the cavi ty ,  along with any entrained f u e l  
and f i s s ion  products, i s  cooled i n  the  f u e l  cycle c i r c u i t  (Fig. 2 )  by mixing with 
law-temperature neon, thus causing condensation of t he  nuclear f u e l  t o  l iqu id  or 
so l id  form, 
back t o  the vortex region through the  f u e l  i n j ec t ion  c i r c u i t .  The neon i s  fu r the r  
cooled by r e j ec t ing  heat  t o  the primary hydrogen propellant,  and i s  then pumped back 
t o  dr ive the vortex. The temperatures a t  key points  i n  the flow c i r c u i t s  are  shown 
i n  parentheses i n  Fig. 2. 
The condensed f u e l  i s  cent r i fuga l ly  separated from the  neon and pumped 
P 
The seven cav i t i e s  are surrounded by a beryllium oxide moderator region 
i 
(Fig. l ( a ) )  which f i l l s  the i n t e r s t i t i a l  regions,  
surrounded by an annular graphite moderator region. 
regions are  separated by an in t e rna l ly  cooled beryllium flow divider which separates 
the f l o w  i n  the two regions. 
which pass through the  moderator regions. 
there a re  upper and lower end-moderator regions which form the ends of t he  cavity.  
These end-moderator regions consis t  of a beryllium oxide region, which i s  adjacent 
t o  the  cavi ty  end wal ls ,  and a graphite region. 
by neutron and gamma ray  heating and the heat t ransferred t o  the moderator and 
s t ruc ture  by conduction, convection, and rad ia t ion  i s  a l so  t ransferred t o  the primary 
hydrogen propellant before it enters  the  cavi ty  (see primary and secondary hydrogen 
c i r c u i t s  i n  Fig. 2 ) .  
The beryllium oxide region i s  
These two ax ia l  moderator 
The moderator i s  supported by 24 beryllium t i e  rods 
I n  addition t o  the a x i a l  moderator regions, 
The heat  deposited i n  the moderator 
The heat deposit ion r a t e s  i n  the engine components a re  shown i n  Table I. The 
percentage of the t o t a l  energy which i s  deposited i n  the moderator and s t ruc ture  
i s  12.15 percent. The energy los s  from the engine due t o  neutron and gamma ray 
leakage i s  on the order of 0.5 percent,  The remaining energy (87.35 percent) i s  
t ransferred t o  the hydrogen propellant stream by d i r ec t  thermal rad ia t ion  from 
gaseous nuclear f u e l  i n  the cavity.  
The temperature, enthalpy, and pressure leve ls  i n  the primary hydrogen propellant 
c i r c u i t  and the secondary hydrogen c i r c u i t  are summarized i n  Tables I1 and 111, 
respectively.  The temperatures and enthalpy l eve l s  i n  the neon and f u e l  cycle 
c i r c u i t  a re  given i n  Table I V .  Pressure l eve l s  i n  the  neon and f u e l  cycle c i r c u i t  
were not calculated since de ta i led  design s tudies  of cer ta in  components, such a s  the 
separator have not been made 
w 
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Modifications t o  Reference Engine 
Three modifications were made t o  the bas ic  reference design described i n  
Refs. 1 and 2. 
region and the propel lant  region t o  minimize pressure d i f f e r e n t i a l s  across the  
t ransparent  s t ruc ture ,  (2)  modification of t he  f u e l  in jec t ion  c i r c u i t  model t o  
simulate a closed c i r c u i t  (see f u e l  re turn  loop i n  f u e l  cycle c i r c u i t  --e Fig, 2), 
and (3) reduction i n  f u e l  residence time from 20 sec t o  4 sec t o  r e f l e c t  the r e s u l t s  
of recent f u e l  containment t e s t s  (Ref. 5 ) .  
major change i n  the  steady-state operating conditions of the reference engine, but 
they do a f f ec t  t he  t rans ien t  response t o  various perturbations,  In  addi t ion t o  the  
modifications l i s t e d  above, various control mechanisms were investigated fo r  s t a r t -  
up and t rans ien t  operation, The primary means of control  considered were var ia t ions  
i n  the turbine control  valve, f u e l  control  valve, and e x i t  nozzle throa t  areas.  
These are (1) inclusion of a t r ans fe r  volume connecting the vortex 
None of these modifications cause any 
9 
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ENGINE START-UP INVESTIGATION 
Analyses of the  s ta r t -up  cha rac t e r i s t i c s  of the nuclear l i g h t  bulb engine were 1 
continued (1) t o  inves t iga te  modes of s ta r t -up  other than the  l i nea r  power ramp, and 
a l s o  shorter  s ta r t -up  times,, (2)  t o  determine the form of f u e l  most appropriate for  
s ta r t -up ,  and (3) t o  a r r ive  a t  a control  system concept f o r  the s ta r t -up  process. 
A mathematical model of the  engine was derived and programmed for  d i g i t a l  computer 
solut ion e 
1 
1 
The s tar t -up s tudies  described i n  Ref. 2 were l imited t o  l i n e a r  power s ta r t -up  
ramps, In  th i s  s ta r t -up  mode, extremely rapid increases i n  average f u e l  temperature 
of heat t r ans fe r  from the  cavi ty  region when the  pr inc ipa l  heat t ransfer  mechanisms 
are  conduction and convection. With the  l i n e a r  power s ta r t -up  ramps, it appeared 
t h a t  s ta r t -up  times of l e s s  than 60 see would produce temperature and pressure 
var ia t ions  during s ta r t -up  which would be prohib i t ive ly  large.  
t h a t  short  s ta r t -up  times were desirable  fo r  minimizing the amount of propellant 
expended during the  s ta r t -up  period. 
and pressure occur during the ea r ly  phases of s ta r t -up  due t o  the poor e f f ic iency  { 
It was a l s o  determined 
d 
Modifications t o  Start-up Simulation Model 
The basic model used f o r  simulation of the  s ta r t -up  charac te r i s t ics  i s  described 
i n  Ref. 2. The two major modifications t o  the  basic  s ta r t -up  simulation model were 1 
(1) inclusion of equations t o  calculate  the  l o c a l  temperature and pressure leve ls  s o  
t h a t  the  pressure d i f f e r e n t i a l  across the transparent s t ruc ture  could be determined 
and (2)  modification of the ex is t ing  equations t o  permit the  invest igat ion of l i nea r  
average f u e l  temperature s ta r t -up  ramps 
, 
Since the coolant passages i n  the engine a re  f ixed volumes, a general  or  l o c a l  
temperature var ia t ion  w i l l  cause t rans ien t  var ia t ions  i n  pressure. 
c i r c u i t s  (primary, propellant,  secondary hydrogen, and fue l  cycle c i r c u i t s )  a r e  not 
interconnected; hence, temperature var ia t ions i n  the engine w i l l  cause pressure 
var ia t ions between the c i r c u i t s .  The most c r i t i c a l  region i n  the reac tor ,  from the 
standpoint of pressure d i f f e r e n t i a l ,  i s  the transparent s t ruc ture  which separates 
the primary propellant from the f u e l  cavi ty  region. 
var ia t ions  near steady-state operation, pressure d i f f e r e n t i a l s  would e x i s t  across 
the transparent walls due t o  temperature var ia t ions i n  the  propellant and f u e l  cycle 
c i r c u i t s .  
changes i n  the primary f l a w  r a t e  or  e x i t  nozzle area may be included i n  the s ta r t -up  
schedule t o  minimize the pressure difference.  
included calculat ions of l o c a l  temperatures throughout the engine and the  r e su l t i ng  
pressure leve ls  i n  the three  coolant c i r c u i t s ,  
The three coolant 
During s tar t -up and t r ans i en t  
These var ia t ions  i n  pressure must be determined so  t h a t  appropriate 
The modified s ta r t -up  equations 
R .  
li 
4 
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The d i f f e r e n t i a l  equation used t o  determine the  average f u e l  temperature 
p r o f i l e  during s ta r t -up  f o r  l i n e a  power ramps i s  (from Ref. 2 )  
where T 
of stare-up i n  sec,  and the constant B 1  var ies  w i t h  the  slope of the power ramp. 
This equation may be wr i t ten  i n  the form 
= average f u e l  temperature i n  deg R, t = t o t a l  elapsed time s ince i n i t i a t i o n  
where Q = 
var ia t ion  
ramp from 
and 
time-dependent power leve l .  
w i t h  time (Q) i s  such tha t  the average f u e l  temperature follows a l i nea r  
600 R ( i n i t i a l  conditions) t o  45,000 R (design fue l  temperature), then 
If it i s  assumed t h a t  the power l e v e l  
-- dTF - CONSTANT= B4 (3) d t  
After subs t i tu t ing  Eqs .  (3) and (4), Eq. (2 )  may be used t o  determine how the power 
l e v e l  must vary with time t o  produce a l inear  temperature ramp. 
the  time-dependent power l eve l  equation w i l l  be 
The general form of 
Q = - 8 4  4- 6 2  (600 + B 4 t )  + 63 (600 4- B4t)4 
11 
(5 )  
J-910900-5 
The required power var ia t ions  f o r  6-sec and 60-sec s ta r t -up  times are  shown 
The power var ia t ion  f o r  a 60-sec l inear  power ramp i s  a l so  shown fo r  i n  Fig. 3. 
comparison. 
temperature s ta r t -up  ramp i s  considerably lower during the ea r ly  phases of s tar t -up 
and rises very sharply toward the  end of t h e  s tar t -up period. Thus, power i s  main- 
ta ined a t  a lower l e v e l  during the  period when conduction and convection heat  
t r ans fe r  are  dominant i n  the f u e l  region; when rad ia t ion  heat t r ans fe r  becomes the 
major means of heat  loss  from the f u e l  (TF > 15,000 R), power i s  increased much 
more rap id ly  without causing a s  rapid a rise i n  temperature. 
Considering the two 60-sec ramps, the  power l eve l  required fo r  a l inear  
The preceding discussion per ta ins  t o  the changes t h a t  were made t o  the  s t a r t -  
up model. The r e su l t i ng  s tar t -up prof i les  of f u e l  in jec t ion  weight flow, f u e l  
control  valve area,  propellant exhaust nozzle area,  average f u e l  temperature, cavi ty  
pressure, average Be0 temperature, average graphite temperature and propellant e x i t  
temperature a re  discussed subsequently i n  the  sect ion e n t i t l e d  Start-up Character is t ics  
Assuming Idea l  Control System. 
Considerations of the procedures required during the  approach t o  c r i t i c a l i t y  
and the increase of t he  power from the range of l w a t t  t o  an i n i t i a l  condition o f  
4.6 megw have indicated t h a t  it may be necessary t o  employ very small power ramps 
during th i s  period and t o  remain a t  low power l eve l s  f o r  r e l a t ive ly  long periods of 
time. 
have t o  be much more sens i t ive  than those used a t  f u l l  power since the  neutron f l u x  
leve ls  a re  as  much as nine orders of magnitude lower than the full-power values. 
Provision must be made fo r  switching the control  response between neutron flux l e v e l  
sensors of d i f f e ren t  s e n s i t i v i t y  and insuring cont inui ty  of the control  responses. 
In  order t o  f u l l y  invest igate  these problems, the  s ta r t -up  simulation model must be 
fu r the r  modified t o  permit a calculat ion of the engine operating conditions i f  the 
power l e v e l  ramps are  interrupted f o r  f i n i t e  t i m e  periods during s tar t -up and t o  
permit more de ta i led  calculat ions of the engine conditions f o r  very l o w  power leve ls .  
The neutron l e v e l  sensing devices which would be used during t h i s  period would 
Start-Up Control System Concept 
The calculat ions of t he  operating conditions during s tar t -up which were 
reported i n  R e f .  2 are  based on the  assmption of an idea l  control  system which i s  
capable of monitoring and adjusting f u e l  in jec t ion  flow r a t e s ,  hydrogen coolant 
f l o w  r a t e s ,  neon buffer gas and bypass flow rates,  and exhaust nozzle areas t o  conform 
t o  a predetermined schedule, A preliminary s tar t -up control  system concept was 
devised t o  determine the number and type of sensors, comparators, and valves which 
would be necessary t o  achieve the  desired control  and t o  provide a bas i s  fo r  fu ture  
s tudies  of t he  e f f ec t s  of control  response time on the operating conditions during 
the s tar t -up t r ans i en t ,  
Y 
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The basic elements of t he  s tar t -up control  system concept* a re :  
Parameter Schedule or Control 
Neutron FluxH 
Fuel Flow Rate 
Primary Propellant Flow Rate 
Neon Flow Rate 
Secondary Coolant Flow Rate 
Propellant Exhaust Nozzle Area 
Pressure Dif fe ren t ia l  Across 
Transparent Wall 
Scheduled vs time 
Scheduled vs iieutron f l u x  ‘and Rate of 
Change of Neutron Flux 
Scheduled vs Neutron Flux 
Scheduled vs Neutron Flux 
Scheduled vs Neutron Flux 
Scheduled vs Neutron Flux 
Controlled by Transfer Volume 
Each of these flow systems contains i t s  own proportLona1 feedback c i r c u i t  t o  insure 
tha t  the f l o w  rate follows the  commanded (scheduled) value. 
f l o w  rate, the feedback c i r c u i t  would include both proportional and rate feedback --- 
i , e . ,  both neutron f l u x  and r a t e  of change of f lux --- t o  insure t h a t  t h e  f u e l  flow 
r a t e  followed the schedule closely. The t r ans fe r  volume system f o r  equalizing the 
pressure on opposite s ides  of the w a l l  would incorporate a diaphragm displacement 
sensor and a neon make-up system f o r  insuring t h a t  the diaphragm remains close t o  
the n u l l  posit ion.  Further discussion of these basic  control elements follows. 
In  the case of f u e l  
The sequence of events during s tar t -up are l i s ted  i n  Table V. A number of 
preliminary operations, re fe r red  t o  as phase I of start-up, are performed pr ior  t o  
the  i n i t i a t i o n  of the s tar t -up power ramp as shown i n  Table V. After these operations 
a re  performed, phase I1 of s tar t -up i s  i n i t i a t e d .  A t  the beginning of phase 11, the  
engine i s  operating a t  0.1 percent of the design power l e v e l  a t  600 R. 
l i nea r  pmer,ramp and the l i nea r  average f u e l  temperature ramp the pr incipal  means 
of ra i s ing  power i s  t o  increase the contained mass i n  the engine from the l e v e l  
required a t  the i n i t i a l  condition (0.1 percent power, 600 R )  t o  the value required 
a t  the full-power operating condition. This increase i n  contained f u e l  mass i s  
achieved by varying the f u e l  inject ion rate.  Once the desired power l e v e l  schedule 
i s  specified,  the required f u e l  in jec t ion  flow rate t o  produce such a var ia t ion i n  
power may be calculated. The temperature var ia t ion i n  the f u e l  and heat  deposition 
i n  the  various coolant c i r c u i t s  may be calculated and the coolant flow r a t e s  required 
t o  maintain reasonable temperature l eve l s  throughout the engine may be determined. 
I n  both the 
* There would be additional sensors and controls t o  i n i t i a t e  scram mechanisms. 
**Power i s  proportional t o  neutron f lux ,  
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Once the,power and flow rates have been established, l o c a l  temperatures and pressures 
throughout the system may be calculated.  
calculat ional  sequence i n  that  the control of the f u e l  in jec t ion  r a t e  determines the 
power p ro f i l e  and the absolute value of power, together with the l o c a l  temperature 
r e s t r a i n t s ,  determines the coolant f l o w  rates. 
The basic control  method follows t h i s  
A conceptual control  schematic i s  shown i n  Fig. 4. After the engine i s  brought 
t o  0.1 percent of f u l l  power by the sequence described i n  Table V, the  f u e l  in jec t ion  
flow rate i s  increased t o  produce the power var ia t ion shown i n  Fig. 3. The increase 
i n  f l o w  rate required i s  shown i n  Fig. 5. This var ia t ion i s  made by the input of a 
predetermined s igna l  t o  the control which var ies  the area of t he  f u e l  control  valve 
V1. 
area var ia t ion of the f u e l  in jec t ion  control valve i s  described by an equation of 
the form 
Since the pressure l e v e l  i s  changing throughout the s tar t -up ramp, the required 
where K i s  a function of (hPF)o, (WF)o, and (P,),. The var ia t ions of AF/(AF)o during 
s tar t -up are shown i n  Fig. 6. Signals from the  neutron l e v e l  sensor, SI, and from the 
neutron f l u x  rate-of-change sensor, S2, would continuously compare the measured values 
of neutron l eve l  and neutron f l u x  r a t e  of change t o  the desired value and correct  
the flow area t o  obtain the  desired power var ia t ion.  
The flow rates of hydrogen and neon are increased l i n e a r l y  w i t h  time from 
1 percent of their full-power value. Input s ignals  t o  the flow r a t e  sensors, 
S4, and S5 cause the respective control valves t o  open according t o  a schedule 
derived from equations similar t o  Eq. (6) .  
desired values. In  addition t o  the sensing of actual  flow r a t e s ,  the flow rate 
controls a r e  a l s o  influenced by the magnitude of t he  neutron flux. 
neutron f l u x  l e v e l  i s  d i r e c t l y  proportional t o  the power l eve l ,  and f o r  a given 
power l e v e l  there  i s  a required value of hydrogen or neon f l o w  t o  avoid exceeding 
component temperature levels .  The required flow r a t e  associated w i t h  a given neutron 
f l u x  l e v e l  or  power l e v e l  i s  continuously compared t o  the  ac tua l  values measured by 
the flowmeters 
s3 9 
Actual flow r a t e s  are compared w i t h  the 
The absolute 
The pressure i n  the engine increases from an i n i t i a l  pressure of 71 atm t o  the 
The desired area var ia t ion as shown 
steady-state operating condition of 500 atm, During start-up, pressure i s  controlled 
by varying the area of the exhaust nozzle, V6. 
i n  Fig. 7 i s  achieved by means of varying the exhaust nozzle area i n  a predetermined 
relat ionship t o  the  measured neutron f l u x  leve l .  A pressure sensor, Sh, measures and 
compares pressure t o  the desired l e v e l  and adjusts  the exhaust nozzle &ea accordingly. . 
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The en t i r e  control  system, therefore ,  cons is t s  of a s e r i e s  of closed-loop 
control  c i r c u i t s  which continuously compare the  ac tua l  values of the parameters t o  
be controlled w i t h  e i t he r  a predetermined value of t h a t  parameter or  wi th  a measured 
value of a parameter t o  which it must be proportional.  The r a t e  of change of neutron 
f l u x  l e v e l  and the absolute v d u e  of neutron f lux  leve l ,  which a re  d i r e c t l y  propor- 
t i o n a l  t o  the  r a t e  of change of power and the &solute power leve l ,  respect ively,  are  
specif ied for  the s ta r t -up  period and input s ignals  to .cont ro1  c i r c u i t s  governing 
these parameters cause the f u e l  control  valve t o  open t o  produce the power p ro f i l e  
shown i n  Fig. 3e If the measured value of neutron f lux  r a t e  of change or absolute 
neutron f lux  l e v e l  deviates from the  desired input schedule, a feedback s igna l  w i l l  
cause an appropriate change i n  the f u e l  control  valve area.  
A s  previously mentioned, t o  insure that  the maximum temperature leve ls  i n  the 
various engine components a re  not exceeded during the s ta r t -up  schedule, it i s  
necessary t o  insure t h a t  coolant be c i rcu la ted  i n  the engine a t  appropriate flow 
r a t e s .  The required values of flow r a t e  may be calculated i f  the  power l e v e l  i s  
known. Since the power l e v e l  i s  proportional t o  the neutron f lux  l eve l ,  the  required 
flow r a t e s  are a l s o  uniquely proportional t o  the neutron f lux  level .  Therefore, 
the flow r a t e s  of propellant,  secondary coolant, bypass flow and buffer  flow may be 
control led,  i n  a closed-loop c i r c u i t ,  by continuously comparing the measured value 
of the pa r t i cu la r  flow r a t e  t o  the absolute neutron f lux  level .  
I n  a s i m i l a r  manner, there  i s  a par t icu lar  value of exhaust nozzle area 
associated w i t h  t he  absolute neutron f l u x  l eve l ,  
w i t h  the required pressure based on the f lux  l eve l  may be used i n  a closed-loop 
c i r c u i t  t o  maintain the proper valve se t t i ng .  
(i.e., power l e v e l ) ,  exhaust nozzle area,  and primary propellant flow r a t e  es tab l i shes  
the  current operating pressure l eve l  of the  engine. Any l o c a l  var ia t ions i n  pressure 
are  equalized by the t r ans fe r  volume system described below. 
A comparison of ac tua l  pressure 
The combination of neutron f lux  l e v e l  
The propellant region and the vortex region a re  interconnected by means of a 
fixed volume containing a movable diaphragm which i s  referred t o  i n  Fig. 4 as a 
t r ans fe r  volume. The act ion of the  t r ans fe r  volume i s  t o  provide a response time 
f o r  the various controls without imposing large pressure d i f f e r e n t i a l s  across the 
transparent s t ruc ture ,  
volume diaphragm posi t ion and sends control  s ignals  t o  the  neon make-up system t o  
insure t h a t  the diaphragm remains close t o  the n u l l  posi t ion.  As an example, the 
maximum value of pressure r i s e  during a 6-sec s ta r t -up  i s  on the order of 100 atm/sec. 
If some s igna l  e r ror  caused t h i s  pressure ramp t o  e x i s t  i n  only the propellant c i r c u i t ,  
while the neon pressure remained constant, the  pressure difference across the  
transparent s t ruc ture  would increase as shown i n  Fig. 8. With a t r ans fe r  volume, 
the pressure d i f f e r e n t i a l s  w i l l  cause a displacement of the diaphragm and a given 
volumetric f l o w  r a t e  of gas through the t r ans fe r  volume w i l l  occur. For a f i n i t e  
The diaphragm displacement sensor, S7, measures the t r ans fe r  
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t r ans fe r  volume there  w i l l  be a f i n i t e  time before the  diaphra m reaches the l imi t ing  
0.1-sec lag  time fo r  the  correct ion of the e r ro r  causing the pressure ramp. 
required t o  equalize the  pressure var ia t ions encountered i n  the most severe perturba- 
t i ons  from steady s t a t e ,  
of 0.09 sec which i s  su f f i c i en t ly  large t o  assure t h a t  the e r ror  may be sensed and 
corrected by the cont ro l  system. 
displacement. It may be seen t h a t  a t r ans fe r  volume of 4,5 f t  !3 w i l l  provide a 
A t o t a l  
t r ans fe r  volume of approximately 8 ft  3 (4 f t3  i n  e i t h e r  d i rec t ion)  i s  the  s i ze  
This s ize  of t r ans fe r  volume r e s u l t s  i n  a response time 
Start-up Character is t ics  Assuming Idea l  Control System 
The calculat ions of the engine cha rac t e r i s t i c s  during phase I1 of s ta r t -up  t h a t  
are  discussed i n  th i s  sect ion were based on the  assumptions that the f u e l  i n j ec t ion  
f l a w  r a t e  would be controlled t o  produce the  power var ia t ions  shown i n  Fig. 3 and 
tha t  the area of the propellant exhaust nozzles could be varied t o  match the pressure 
l e v e l  i n  the propellant region t o  t h a t  of the  vortex. The temperature leve ls  
throughout the engine were calculated f o r  a l l  th ree  power ramps assuming l inea r  
var ia t ions  i n  propellant flow r a t e  during the  ramps. The var ia t ion  of pressure i n  
each c i r c u i t  was calculated based on the volume of coolant i n  each c i r c u i t  and the 
i n i t i a l  pressure leve l .  The r e s u l t s  of these calculat ions were used t o  determine 
t h e  desired values of i n i t i a l  conditions and the engine responses during the s t a r t -  
up ramps. 
The sequence of events during both phases of s ta r t -up  is  shown i n  Table V, 
I n i t i a l  values of a l l  major parameters during phase I1 can be seen i n  Figs. 9 through 
14. Although the sequence i s  s imilar  t o  t h a t  of Ref. 2,  the  i n i t i a l  values of flow 
r a t e s  and pressure are d i f f e ren t  for  the l i nea r  temperature ramps from those of the 
l i nea r  power ramps. 
c i r c u i t s  and the  temperature var ia t ions  i n  the c i r c u i t s ,  an i n i t i a l  pressure of 
71 atm a t  zero power conditions w i l l  r e s u l t  i n  500 a t m  pressure i n  both c i r c u i t s  at 
the  end of the l i nea r  temperature ramps. Due t o  the lower values of power l e v e l  
during the i n i t i a l  phases of a l i nea r  temperature s tar t -up,  i n i t i a l  values of the 
flow r a t e s  i n  the primary and secondary coolant c i r c u i t s  a re  reduced t o  1 percent of 
the  steady-state values (0.42 lb/sec) .  
gas i s  unchanged. 
Based on the volume of gas i n  the propellant and f u e l  cycle 
The schedule fo r  the  f l o w  r a t e  of neon buffer  
F’ressure, Temperature, Propellant Flow Rate, and Nozzle Area Profi les  
The var ia t ions  of average f u e l  temperature w i t h  time during s ta r t -up  a re  shown 
i n  Fig, 9 for  two l inea r  average f u e l  temperature s ta r t -up  ramps (6 sec and 60 sec)  
and one l i nea r  power s ta r t -up  ramp (60 sec) .  It may be seen by comparing the two 
60-sec s ta r t -up  ramps that the very rapid r i s e  i n  average f u e l  temperature which 
occurs i n  the l i nea r  power s ta r t -up  mode does not occur i n  the linear-temperature 
‘I 4 
I 
. i  
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mode, and the  temperature r i s e  during the l a t t e r  stages of the s ta r t -up  i s  
increased. A s  a r e s u l t ,  the  maximum r a t e s  of increase i n  pressure tend t o  be l e s s  
severe and it i s  possible t o  consider short  s ta r t -up  times, I n  the  case of a 
l i nea r  power s tar t -up ramp of 60-sec duration, the maximum r a t e  of change of average 
f u e l  temperature was on the order of 10,000 deg R/sec whereas a l i nea r  temperature 
s ta r t -up  ramp of only 6 sec r e s u l t s  i n  a m a x i m u m  r a t e  of change i n  average f u e l  
temperature of only 7500 deg R/sec. Short s ta r t -up  ramps on the order of 6 sec are  
necessary i n  the case of a l i nea r  temperature s tar t -up ramps t o  insure vaporization 
of the f u e l  a s  rapidly a s  when a 60-sec l i nea r  power ramp i s  employed, 
vaporization i s  desirable  t o  prevent centrifuging of f u e l  pa r t i c l e s  or droplets  t o  
the  transparent wal l  e 
Rapid 
The cavi ty  pressure var ia t ions  during s ta r t -up  are  shorn i n  Fig. 10. The maximum 
The maximum value of the pressure 
r a t e  of change of pressure fo r  the 60-sec l i nea r  temperature ramp i s  about one-half 
of that  predicted far .the 60-sec l i nea r  power ramp, 
var ia t ion  fo r  the 6-sec l i nea r  temperature ramp i s  approximately 100 atm/sec a 
7, 
! 
* :  
i 
' *  .j 
r...? 
The var ia t ions of average Be0 temperature and average graphite temperature a re  
shown i n  Figs. 11 and 12, respectively.  These temperatures do not vary appreciably 
w i t h  the  type of s tar t -up p ro f i l e  since they are  primarily dependent upon the heat 
capacity of the moderator material  and the length of the s tar t -up ramp. The time t o  
reach full-power operating temperatures i n  the  moderator i s  on the order of 
200-300 sec,  regardless of the mode of s ta r t -up  f o r  shor t  ( l e s s  than 60 sec)  s t a r t -  
up ramps 
The var ia t ion  of propellant e x i t  temperature during s ta r t -up  i s  shown i n  
Fig. 13. 
Nuclear Character is t ics  
The bulk moderator regions heat up r e l a t i v e l y  sluggishly during s tar t -up due t o  
t h e i r  large mass and heat capacity,  There i s  a unique c r i t i c a l  mass of U-233 nuclear 
f u e l  and a corresponding U-233 r e a c t i v i t y  worth f o r  each s e t  of operating conditions 
during the s tar t -up ramp. These c r i t i c a l  mass requirements and nuclear f u e l  
r e a c t i v i t y  worths were calculated so tha t  f u e l  in jec t ion  r a t e  schedules could be 
established which would keep the  engine on the s ta r t -up  power p ro f i l e s  shown i n  
Fig. 3. 
C r i t i c a l  Mass Prof i les  - - - - - - - - - - -  
U-233 c r i t i c a l  mass requirements were calculated f o r  the 6-sec and 60-sec l i nea r  
average f u e l  temperature s ta r t -up  ramps and the 60-sec l i nea r  power ramp. Conditions 
of pressure and temperature i n  the major regions of the engine a t  various times a f t e r  
s ta r t -up  were taken from Figs. 9 through 13. A one-dimensional, spherical ,  
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homogenized-core model of the fu l l - sca l e  engine s i m i l a r  t o  t h a t  employed f o r  the 
analysis  of the seven-module reactor  experiment described i n  APPENDIX A was used 
f o r  the c r i t i ca l i ty  calculat ions.  The cross section energy group s t ruc ture  and 
nuclear codes employed i n  the analysis were the  same as those used i n  R e f ,  3* 
The r e s u l t s  of the c r i t i c a l  mass calculat ions are shown i n  Fig. 14. In  a l l  
cases, the duration of the  s tar t -up ramp i s  short  (6 and 60 sec)  r e l a t i v e  t o  the  
moderator heating time (200 t o  300 sec) .  The lag  i n  bulk moderator temperatures 
reaching t h e i r  asymptotic values gives r ise t o  the lag  i n  c r i t i c a l  masses reaching 
t h e i r  steady-state,  full-power value of 30-9 l b .  In  the case of l inear  fue l  
temperature s ta r t -up  ramps, c r i t i c a l  mass reached peak values of 37.1 and 34.2 l b  
when f u l l  power was reached f o r  the 6-sec and 60-sec s ta r t -up  rampss respectively.  
The peaking of the  c r i t i c a l  masses was found t o  be coincident with the peaking of 
hydrogen coolant densi ty  (hence, neutron absorption by the hydrogen) i n  the 
moderator regions which occurred when the f u l l  operating pressure of 500 atm was 
reached, 
reaches i t s  peak value r e l a t i v e l y  e a r l y  i n  the s tar t -up ramp ( -  5 - 10 sec)  and 
hence c r i t i c a l  mass requirements are dictated by other more dominant fac tors  such 
as propellanf; densi ty  and temperature and bulk moderator temperature e 
In  the case of the  60-sec l i nea r  power s tar t -up,  t he  coolant densi ty  
The peaking of c r i t i c a l  mass during l i nea r  f u e l  temperature start-ups causes 
the  reference design f u e l  containment l i m i t s  (i .e the fuel-to-buffer-gas densi ty  
r a t i o  l i m i t s  as  present ly  envisioned based on f l u i d  mechanics t e s t s )  t o  be exceeded, 
These peaks can be eliminated by lowening the in i t ia l -condi t ion  pressure for  phase 
I1 of s tar t -up t o  a value approaching the 20 atm employed f o r  the 60-sec l i nea r  
power s ta r t -up  ramp. 
L 
i 
Fuel Flow Rate Profi les  - - - - - - - - - - - -  
Fuel weight flow requirements during s ta r t -up  were calculated using the r e s u l t s  
of the  c r i t i c a l i t y  calculat ions i n  the neutron k ine t ics  equations assuming t h a t  
(1) the  power l e v e l  per uni t  f u e l  mass was d i r e c t l y  proportional t o  the neutron l e v e l  
and (2)  the average f u e l  residence time of 4 see ( i e e e ,  h F  = 0.25 see-') was constant 
throughout s tar t -up.  Under these assumptions, the neutron l eve l  equation can be 
wr i t ten  a t  any point i n  time during the  s tar t -up ramp as  
(7)  
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Equation (7) was solved f o r  6k fo r  appropriate values of the rate-of-change of 
power level,  dQ/dt. The amount of excess f u e l  loading required t o  provide the  
necessary excess r e a c t i v i t y  was obtained from the calculated values of (&k/k)/(AM/Mc) 
The f u e l  weight f l o w  p ro f i l e s  required t o  maintain the  c r i t i c a l  mass and power p r o f i l e s  
corresponding t o  the assumed l inea r  temperature and power s tar t -up ramps are shown 
i n  Fig. 5. The excess f u e l  weight f l o w  required t o  sus ta in  the assumed power p ro f i l e s  
were less than 0.2 percent of the  t o t a l  weight flows shown i n  Fig. 5 -  The maximum 
value of excess fue l  weight f l o w  was equivalent t o  an excess r e a c t i v i t y  of 0.0017 
during the  6-sec l inear  f u e l  temperature s tar t -up,  the s teepest  s tar t -up power ramp 
considered 
Expected Dynamic Behavior During Start-up w i t h  Control System 
The r e s u l t s  of the s ta r t -up  s tudies  have indicated t h a t  a s tar t -up schedule 
which produces a l inear  var ia t ion  i n  average f u e l  temperature i s  preferable t o  a 
l i nea r  increase i n  power since it permits short  s ta r t -up  times with a reduction i n  
the m a x i m u m  r a t e  of change of pressure and temperature during the  s ta r t -up  ramp. 
Brief calculat ions ind ica te  t h a t  it i s  possible t o  i n j e c t  fue l ,  coolant and buffer  
gas t o  control  pressures according t o  the required schedules. Use of the  s tar t -up 
control  system w i t h  the t ransfer  volume (Figs. 4 and 8) t o  minimize the pressure 
d i f f e r e n t i a l  across the transparent s t ruc ture  should allow su f f i c i en t  response time 
t o  correct  any var ia t ion  from the scheduled s tar t -up sequence. 
The engine dynamics program was used t o  calculate  t h e  controlled response of 
t he  engine t o  the conditions which e x i s t  a t  the end of the  s ta r t -up  sequence. I n  
th i s  case,  it was assumed t h a t  the power ramp shown in  Fig,  3 for  the 6-sec l inear  
temperature ramp and the f u e l  f l o w  r a t e  ramp shown i n  Fig. 5 a t  the  completion of 
the s ta r t -up  sequence (t = 6 sec)  were applied as  input perturbations t o  the engine 
a t  the full-power operating condition. 
discussion of Fig, 20 i n  sect ion e n t i t l e d  ENGINE DYNAMICS INVESTIGATION) was used t o  
s t ab i l i ze  the  engine. The r e s u l t s  of this  analysis indicated t h a t  there i s  no 
appreciable overshoot i n  the power response, and the full-power control  system i s  
capable of s t ab i l i z ing  the engine as it approaches the full-power operating leve l .  
The full-power control  system (see l a t e r  
Further s tudies  a re  necessary t o  evaluate the dynamic behavior during s ta r t -up  
and t o  assure that  the  system would.be s tab le  a t  a l l  conditions, These s tudies  
would probably show that gain programmikg of the  feedback would be necessary. 
the development of such a control  system should be feas ib le ,  
However, 
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Fuel In jec t ion  System 
Three forms of nuclear f u e l  were considered: uranium or uranium oxide pa r t i c l e s ,  
m6 gas, and l iqu id  m6 or molten uranium. 
chemical propert ies  which must be considered over the ranges of operating conditions 
i n  the nuclear l i g h t  bulb engine. 
i n  this  study; t he  influence of chemical propert ies  should be the subject of fur ther  
experimental invest igat ions.  
All of the  f u e l  forms have physical and 
Only the physical propert ies  were investigated 
It was concluded that t h e  preferable system fo r  f u e l  in jec t ion  and c i rcu la t ion  
would be a uranium metal dust  transported by a ca r r i e r  gas. UF6 and U02 were 
considered less preferable  because t h e i r  dissociat ion i n  the f u e l  region would add 
s ign i f i can t ly  t o  the t o t a l  operating pressure of the  engine. Since molten uranium 
i s  more l i k e l y  t o  p la te  on the rec i rcu la t ion  system duct walls than would a cooler, 
condensed uranium, it was a l s o  considered desirable  t o  regulate the buffer-gas 
bypass flow which serves t o  cool the spent f u e l  and vortex buffer  gas as it enters  
the thru-flow por t  t o  cool the uranium rapid ly  t o  temperatures w e l l  below i t s  
melting point.  Extrapolations of expressions f o r  uranium vapor pressure near one 
atm from Ref. 11 indicate  t h a t  the  boi l ing point of uranium might be about 12,000 R 
f o r  f u e l  p a r t i a l  pressures of 200 atm ( the average f u e l  p a r t i a l  pressure i n  the  
nuclear l i g h t  bulb engine i s  estimated t o  be 175 t o  200 a t m  i n  Ref. 3) .  This means 
t h a t ,  i n  quenching the spent nuclear f u e l  upon en t ry  i n t o  the  thru-flow por t s ,  there 
i s  a temperature range from about 12,000 R t o  2500 R (melting poin t )  during which 
the  uranium i s  condensed i n  a l iquid form. To prevent the l iquid uranium from 
pla t ing  on the thru-flow duct walls during this period, cold neon bypass flow must 
be introduced continuously t o  maintain a s teep temperature gradient and t o  
e s sen t i a l ly  blow the f u e l  droplets  and/or c rys t a l s  away from the  walls.  
s o l i d f u e l  i n  the wal l  could be avoided by keeping the  wal l  temperature above 
2500 R.  
conditions required t o  minimize deposition of condensed f u e l  on the duct walls should 
be the objective of an experimental t es t  program. 
Plating of 
Invest igat ion of the thru-flow duct wal l  geometry and select ion of flow 
During phase I and the i n i t i a l  
possible t o  prevent pa r t i c l e s  or  droplets  from centrifuging t o  the transparent wal ls  
during the  t i m e  required t o  vaporize the  nuclear fue l .  
occur, UFG, should be employed during phase I and the  i n i t i a l  
a t r ans i t i on  t o  the par t ic le -car r ie r  gas system a t  about one-third of full-power 
operating conditions, 
pa r t  of phase I1 of s tar t -up,  it may not be 
If that  should i n  f a c t  
par t  of phase I1 w i t h  
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Analyses were conducted of t he  dynamic response of the  engine a t  full-power 
conditions t o  perturbations of various parameters such as r eac t iv i ty ,  f u e l  weight 
flow, turbopump wheel speed, propellant exhaust nozzle throa t  area,  and f u e l  region 
radius.  
simulation program t o  provide more de ta i led  loca l  temperature and pressure calcula- 
t i ons  
across the transparent w a l l ) ,  (3) conceptual design of an engine cont ro l  system, and 
(4)  calculat ion of t he  dynamic response of the  controlled engine t o  various 
perturbations i n  the system. 
Emphasis was placed on (1) ref in ing  the W V A C  1108 d i g i t a l  computer 
( 2 )  equalization of pressure differences throughout the engine ( i n  pa r t i cu la r ,  
Engine Dynamics Simulation Models 
I n  th i s  sect ion,  the thermal and f l u i d  dynamics model and the neutron k ine t i c s  
model a r e  described. Modifications made to these models are  discussed. I n  
addition, several  aspects of the dynamic response which were considered but which d i d  
not lead t o  model changes a re  a l so  discussed. 
Thermal and Fluid Dvnamics Model 
The thermal and f l u i d  dynamics model used t o  calculate  t he  t rans ien t  response 
of the  engine a t  full-power i s  described i n  Ref, 2. Modifications t o  the  model made 
t o  r e f l e c t  changes i n  the basic  reference design are  described below. The assumptions 
employed i n  the engine dynamics simulation program are  l i s t e d  i n  Table V i o  The 
dynamic simulation program flow diagram i s  shown i n  Fig, 15. 
The spec i f ic  modifications t o  the basic  model were (1) separate calculat ion of 
vortex and propellant pressures,  (2 )  incl-usion of a t r ans fe r  volume f o r  pressure 
equalization between the propellant and cavi ty  regions, (3) modification of the f u e l  
recycle system model t o  simulate a closed c i r c u i t  system, (4) consideration of 
acoustic ve loc i t i e s  i n  the engine components and the time lags associated w i t h  
pressure var ia t ions ,  and ( 5 )  calculat ion of l oca l  temperature e f f ec t s  on engine 
pressures. 
the dynamic pressures i n  the boundary layers  adjacent t o  the transparent walls to 
predict  l oca l  pressure var ia t ions  which might occur i n  these regions. 
sequence, component heat  loads and t h e  general ca lcu la t iona l  procedure are 
described i n  R e f ,  2. 
I n  addition t o  these modifications, calculat ions were made t o  determine 
The cooling 
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Separate Calculation of Vortex and Propellant Pressures . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I 
I n  the  thermal and f l u i d  dynamics model described i n  Ref. 2, the engine 
pressure l e v e l  was determined by the  nozzle outflow conditions according t o  the  
equation 
where Pz = engine pressure leve l ,  Wp = primary propellant flow r a t e ,  T p  = primary 
propellant temperature a t  nozzle, A* = nozzle throa t  area (see Ref. 12), and Kp = 
th roa t  f l o w  parameter (see Ref e 12)  e It was assumed t h a t  t h i s  pressure would be 
maintained throughout the engine by i n t e r n a l  controls ,  
Modifications were made t o  the model t o  include (1) a more de ta i led  calculat ion 
of the  turbopump cha rac t e r i s t i c s  and t h e i r  e f f ec t s  on pressure and flow conditions, 
( 2 )  expressions f o r  ca lcu la t ing  turbine control  valve e f f e c t s ,  and (3)  separate 
calculat ions of vortex region and propellant region pressures t o  include the e f f e c t s  
of l o c a l  temperature var ia t ions  during engine t rans ien ts .  
The e f f ec t s  of f i n i t e  control  valve flow area and turbine nozzle area and the 
conditions of choked flow i n  the  exhaust nozzle (Eq. (8)) were combined t o  e s t ab l i sh  
the e f f e c t s  of turbopump wheel speed during t r ans i en t  operation. The flows i n  the 
turbine and control  valve a re  assumed t o  be subsonic and the pressure loss i n  these 
components may be expressed as  
whereAP = pressure loss ,  W = flow r a t e ,  p = density,  g = gravi ta t iona l  accelerat ion 
constant, and A = flow area of component. 
c i r c u i t s  a r e  small r e l a t i v e  t o  the pressure losses  i n  the turbine and valve, the 
turbine pressure r a t i o  may be expressed as  
If the  f r i c t i o n a l  losses  i n  the coolant 
Pc 4- APT 
PC 
PR = 
I 
1 
i 
F 
P- 
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where pc = cavi ty  pressure and APT = pressure loss  i n  turbine.  
i n  the primary pump, assuming 1-atm tank pressure,  may be expressed 
The t o t a l  head r i s e  
where APpp = pressure r i s e  required i n  primary pump and APv = pressure loss i n  valve. 
The t o t a l  power produced by the  turbine may be expressed as  
i 
i 
li. 
where QT = power produced by turbine,  T T  = turbine eff ic iency,  Cp = spec i f ic  heat 
of primary coolant a t  turbine conditions, and TIN = i n l e t  temperature t o  turbine.  
The t o t a l  power required by the pumps was assumed t o  be 1.1 times the power required 
f o r  the primary propellant pump, or  
A t  steady- s t a t e  operating conditions 
Q, = C a p  
and during t r ans i en t  operating conditions, the var ia t ion  i n  turbopump wheel speed i s  
governed by 
dv2 2 df = {QT-CQP} 
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where v = turbopump wheel speed and I = moment of i n e r t i a  of turbopump. The turbine 
nozzle area required a t  steady-state operation may be calculated by solving Eq. (10) 
for&T a t  the  desired value of pressure r a t i o ,  F'R, and solving Eq. ( 9 )  fo r  the area 
A .  The turbine valve a rea  required a t  steady-state operation may then be calculated 
from a combination of Eqs. (g), (ll), (12), (S3), and (14) using steady-state values 
of flow r a t e ,  W, turbine i n l e t  temperature, TIN, spec i f ic  heat and the desired turbine 
pressure r a t i o .  
The same equations may then be applied t o  (1) t rans i en t  conditions using f ixed 
nozzle and valve areas ,  (2 )  prediction of t r ans i en t  conditions which a r i s e  from valve 
area changes, and (3) determination of the required valve changes t o  produce a 
desired pressure level .  
The var ia t ions i n  propel lant  and vortex pressure which are caused by loca l  
changes i n  temperature a re  estimated by assuming a constant-volume heating of the 
c i r c u i t  components, so  that 
where P = pressure,  VT = t o t a l  volume of c i r c u i t ,  V i  = volume of i t h  region of 
c i r c u i t ,  Ti = average temperature i n  i t h  region of c i r c u i t ,  and the o subscr ipt  
r e f e r s  t o  steady-state conditions. In  t h e  dynamic model, the  f u e l  cycle c i r c u i t  was 
divided i n t o  two regions (the vortex region and the ex terna l  region) and the primary 
propellant was divided i n t o  three  regions ((1) the piping, heat exchanger and 
manifolding region, ( 2 )  the moderator region, and (3) the cavi ty  region).  
The equations described above were incorporated i n t o  the engine dynamics model 
and used t o  pred ic t  the  pressure d i f f e r e n t i a l s  which would occur across the  
transparent s t ruc ture  during various perturbations t o  the steady-state i n  an 
uncontrolled engine ( i o e o ,  f ixed valve a reas) .  
d i f f e r e n t i a l s  were considerably la rger  than the  allowable values of 1 a t m  burst ing 
and 0,1 atm collapsing. 
vortex pressure by adjusting t h e  turbine valve or  the  exhaust nozzle a rea  introduced 
i n s t a b i l i t i e s  i n  the  dynamic response of the engine even w i t h  no lag  time associated 
w i t h  the  valve adjustment. These r e s u l t s  led t o  the inclusion of a t r ans fe r  volume, 
as described below, t o  minimize the pressure d i f f e r e n t i a l ,  
It was determined that the  pressure 
Attempts t o  match t h e  propellant c i r c u i t  pressure t o  the 
1 
* 
. .  
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Transfer Volume EGal i za t ion  of Pressure Differences - - - - - - - - -  - - - - - - - - - - - - - - - -  
To minimize the pressure d i f f e r e n t i a l  across the transparent s t ruc ture ,  it was 
proposed to include a t r ans fe r  volume which interconnects the vortex region and the  
duct region of the  primary propellant c i r c u i t  as  shown schematically i n  Figs,  4 and 
8. If a pressure difference e x i s t s  between the two regions, volume w i l l  be t rans-  
fe r red  from the region of high pressure t o  the  region of low pressure, through the 
t ransfer  volume, until the pressure i s  equalized. 
i t s e l f  i s  t o  provide separation of the  two c i r c u i t s  by means of a movable o r  deformable 
diaphragm so  that  there  can be no lo s s  of f u e l  t o  the propellant stream or  in jec t ion  
of hydrogen i n t o  the f u e l  cycle c i r c u i t ,  and t o  provide a buffer volume of gas 
s imilar  t o  t h a t  i n  the adjacent c i r c u i t  which may be t ransferred.  
The purpose of t he  t r ans fe r  volume 
If the  pressure i s  t o  be equalized by increasing the volume of the  high pressure 
region and decreasing the volume of the  l o w  pressure region, then, f o r  P1 > P2, 
where P = pressure, V = volume of region, and AV = volume t ransferred.  
Eq. (17) f o r  AV, 
Solving 
The corrected o r  balanced pressure i n  the  c i r c u i t s  may be expressed as  
- av vi!+ n v  
PCORR = 7 ( v, ) = p2 ( v2 ) 
The r a t e  of volume t r ans fe r  i s  AV/At and the r a t e  of change of the pressure 
d i f f e r e n t i a l  which would e x i s t  i f  no interconnection were used i s  (P1-P2)/Ata 
required ve loc i ty  of the diaphragm and the gas i n  the t r ans fe r  chamber w i l l  be 
The 
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where AD = cross-sectional area of the t r ans fe r  chamber diaphragm. 
pressure d i f f e r e n t i a l  across the  transparent s t ruc ture  i s  APw, then the  diaphragm 
and t h e  gas i n  the  t ransfer  chamber must reach the ve loc i ty  given by Eq. (20) i n  a 
time period l e s s  than or equal t o  
If the allowable 
The minimum average accelerat ion required i s  
The t o t a l  mass of the gas which must be accelerated i s  
where PH = densi ty  of hydrogen and pNe = densi ty  of neon. 
diaphragm i s  
The t o t a l  mass of t he  
where PD = density of the  diaphragm material  and AxD = thickness of diaphragm. 
force required t o  accelerate  t he  gases and the  diaphragm a t  the acceleration given by 
Eq. (22)  i s  
The 
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Since the pressure required f o r  accelerat ing the gas and diaphragm (F/AD) must be 
equal t o  the  allowable pressure difference across the  transparent s t ruc ture  (&) 
E q s .  (25) and (21) may be combined t o  obtain 
Solving Eq,  (25) f o r  the diaphragm thickness, 
It may be noted from Eq.  (27) t h a t  the force required t o  accelerate  the gases 
(second term on r i g h t  hand s ide  of Eq. (27)) causes a reduction i n  allowable diaphragm 
thickness and i n  some cases there  w i l l  be a minimum allowable value of AD associated 
with a given diaphragm thickness. 
I n  addition t o  pressure d i f f e r e n t i a l s  between the vortex and propellant regions, 
the flow of the propellant and buffer-gas-boundary layers  over the two s ides  of the 
t ransparent  wal ls  can give r i s e  t o  f luc tua t ing  pressure f i e l d s .  The r m s  pressure 
f luc tua t ions  a t  subsonic speeds have been observed experimentally t o  be given by 
AP' = (1.5 x t o  1.2 x  IO-^)^, (28 1 
where qo i s  the dynamic pressure of the free  stream (Ref, 13). 
nuclear l i g h t  bulb engine, the neon buffer gas dynamic pressure i s  go = 0.075 ps i .  
and the propellant dynamic pressure i s  about go = 0.050 p s i .  
pressure f luctuat ions associated with the flow of buffer  gas and propellant over t he  
For t h e  reference 
Thus, %he rms 
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transparent walls should f a l l  within the range of Ap' = 7.5 x 10-5 t o  
9.0 x 10-4 ps i .  
t o  t he  allowable l o c a l  burst ing or collapsing loads on the transparent s t ruc ture  of 
1.0 and Oel atm, respectively.  Further calculat ions of t he  spec t r a l  d i s t r ibu t ion  
of wall-pressure f luc tua t ions  induced by the buffer  gas and propellant flows indicate  
t h a t  the peak i n t e n s i t i e s  occur a t  about 50 cps. It i s  not ant ic ipated t h a t  the  
pressure f luc tua t ions  a t  t h a t  frequency, about 10-5 ps i ,  w i l l  Lead t o  s t rength 
degradation of the t ransparent  walls due t o  cycle fa t igue.  
This l e v e l  of pressure f luc tua t ion  i s  ins igni f icant  r e l a t i v e  
Fuel In jec t ion  System - - - - - - - - - - -  
In  the  dynamics model 
during t r ans i en t  operating 
described i n  Ref. 2, the var ia t ion  i n  f u e l  in jec t ion  r a t e  
was calculated from the equation 
where WF = f u e l  in jec t ion  r a t e ,  KF = proport ional i ty  constant,  AF = area of f u e l  
in jec t ion  control  valve, PF = pressure of f u e l  upstream of control  valve, P, e = vortex 
pressure, and (Pc)o = vortex pressure a t  steady-state.  
t o  be a constant value. This i s  representative of a system with a constant del ivery 
pressure which would be unaffected by any engine perturbation. 
In  Eq. (29),  pF i s  assumed 
A s e r i e s  of perturbations were investigated using the model which included the 
t ransfer  volume described above and it was determined that the f u e l  in jec t ion  model 
described by Eq. (29) causes unstable responses. Inclusion of the t r ans fe r  volume 
introduces a lag  i n  the pressure response of the engine. This pressure lag,  coupled 
with the fixed f u e l  in jec t ion  pressure,  r e s u l t s  i n  a tendency t o  over-correct the  
f u e l  flow r a t e  and thereby introduce osc i l l a t ions  of increasing amplitude. Values 
of f u e l  in jec t ion  pressure were varied from 20 atm t o  0.25 atm and, although the  
period of the  osc i l l a t ions  could be changed, they could not be damped. 
If it i s  assumed t h a t  the  f u e l  cycle c i r c u i t  i s  a closed system w i t h  a constant- 
head pump, any pressure change i n  the vortex region w i l l  be transmitted t o  the i n l e t  
of the pump with a f i n i t e  delay time equal t o  the acoustic delay time of t h a t  portion 
of the c i r c u i t  between the  vortex and pump i n l e t .  The difference i n  response of the 
open- and closed-cycle systems i s  bes t  i l l u s t r a t e d  by assuming a sustained s t ep  
increase i n  vortex pressure. I n  the open-cycle system the pressure change w i l l  
r e s u l t  i n  a sustained decrease i n  f u e l  in jec t ion  r a t e .  In  the closed-cycle system 
the  same magnitude change i n  flow r a t e  w i l l  occur i n i t i a l l y  bu t  it w i l l  only be 
sustained fo r  a period of time equal t o  the acoustic t r a n s i t  time between the vortex 
region and the pump i n l e t ,  
28 
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The equation describing the f u e l  
where Pc( t )  = vortex pressure a t  t i m e  
time t. 
in jec t ion  r a t e  becomes : 
‘F 
t and 
The acoustic delay time calculated f o r  
f u e l  pump i n l e t  i s  0.008 sec. The modified 
(Eq. (30)) was incorporated i n  the dynamics 
osc i l la tory  response previously encountered 
- W O  1 
Pc(t-7) = vortex pressure T sec before 
the  region between the  vortex and the  
equation f o r  f u e l  in jec t ion  r a t e  
model and it was determined that the 
was eliminated e 
The engine has been shown t o  be very sens i t ive  t o  f u e l  in jec t ion  flow r a t e .  
This flow rate i s  i n  turn  sens i t ive  t o  the magnitude of the pressure drop across 
the in jec tors  and the response charac te r i s t ics  of the f u e l  in jec t ion  system t o  
pressure f luc tua t ions  e 
explore engine response f o r  various ranges of f u e l  inject ion.pressure drop 
f u e l  residence time, and acoustic lag.  Further ana ly t ica l  and experimental 
s tudies  of the f u e l  in jec t ion  system should be made t o  determine the  model which 
most accurately represents the  charac te r i s t ics  of the  system. These s tudies  should 
include detai led design of t he  fue l  in jec t ion  system and invest igat ion of t he  
propert ies  of par t ic le -car r ie r  gas mixture flowing through the  c i r c u i t .  
Equation (30) i s  a simplified ana ly t ica l  model employed t o  
average 
Acoustic Veloci t ies  During Pressure Transients . . . . . . . . . . . . . . . . . . . . . . .  
Pressure t rans ien ts  which occur during perturbations w i l l  be transmitted 
throughout t h e  engine according t o  the sonic veloci ty  i n  the gases in  each component. 
To introduce the proper response times i n  the simulation program, the  acoustic 
ve loc i t i e s  and cha rac t e r i s t i c  times f o r  the various components i n  the primary 
propellant and f u e l  and neon c i r c u i t s  were calculated.  The estimated volumes, average 
gas dens i t ies ,  sonic ve loc i t i e s ,  and charac te r i s t ic  times for  the primary propellant 
and neon and f u e l  c i r c u i t s  used i n  t h e  dynamics model are  l i s t e d  i n  Table VII. 
Neutron Kinetics Model 
The pr inc ipa l  unusual fea ture  i n  the k ine t i c  behavior of a nuclear l ight bulb 
engine i s  t h a t  the nuclear f u e l  i s  injected continuously i n t o  the act ive core volume. 
Recent experimental r e s u l t s  (Ref. 5 )  indicate  t h a t  the  average residence time of 
nuclear f u e l  i n  a fu l l - sca le  engine would probably be on the order of 4 sec (reduced 
from an average f u e l  residence time of 20 sec employed i n  the engine dynamics 
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studies  of Ref. 2 ) .  
periods greater  than 4 sec after the  f i s s i o n  event would contribute e s sen t i a l ly  no 
neutrons t o  the act ive volume of the reactor  core,  This problem i s  qui te  s i m i l a r  
t o  t h a t  f o r  c i rculat ing-fuel  reactors ;  the important difference i s  that compressible 
gases are employed i n  a nuclear l i g h t  bulb engine, whereas i n  the circulat ing-fuel  
reactors ,  t he  f u e l  solut ion i s  an incompressible l iqu id .  Due t o  compressibility, it 
i s  possible t o  have f luc tua t ions  i n  t o t a l  f u e l  loadings which r e s u l t  from f l u i d  
dynamic f luctuat ions i n  the  f u e l  residence time. Thus, both the f rac t ion  of 
delayed neutrons which are l o s t  from the  ac t ive  core and the  t o t a l  mass of nuclear 
f u e l  within the ac t ive  core w i l l  vary wi th  time, These are primary considerations 
i n  the overa l l  control  of the engine. 
these s tudies  which include the  e f f ec t s  of variable f u e l  loading and delayed neutron 
f r ac t ion  are  described i n  R e f ,  2. 
Delayed neutron precursors which emit delayed neutrons a t  t i m e  
The neutron k ine t ics  equations employed i n  
,.. :, 
j 
, 
Reevaluation of React ivi ty  Coefficients . . . . . . . . . . . . . . . . . . . .  
Principal  r e a c t i v i t y  coef f ic ien ts  employed i n  the dynamic simulation program 
were reevaluated using the homogenized-core spherical  model similar t o  that employed 
fo r  the calculat ions of the  seven-module reactor  experiment (see APPENDIX A ) ,  I n  
evaluating the r e a c t i v i t y  coef f ic ien ts ,  it was assumed that they were l i nea r  over 
the range of i n t e r e s t  f o r  t he  dynamic simulation s tudies  and t h a t  they were indepen- 
dent of one another. The r e a c t i v i t y  coeff ic ients  eval-uated were those associated 
w i t h  hydrogen propellant densi ty ,  hydrogen propellant temperature, hydrogen coolant 
density,  Be0 moderator temperature, U-233 nuclear f u e l ,  and the f u e l  region radius .  
The values of the calculated r e a c t i v i t y  coeff ic ients  are contained i n  Table V I .  
The r eac t iv i ty  associated w i t h  changes i n  moderator temperature, hydrogen propellant 
densi ty  and temperature, and nuclear f u e l  loading are  of the  same sign as those used 
previously from R e f ,  3. Differences i n  the magnitude of these values are a t t r i b u t -  
able t o  the use of a d i f f e ren t  calculat ional  model. The r e a c t i v i t y  coef f ic ien t  
associated w i t h  the  densi ty  of hydrogen coolant i n  the  moderator regions alone was 
not separated out i n  previous calculations.  I ts  negative value r e l a t i v e  t o  t o t a l  
posi t ive hydrogen densi ty  worth calculated i n  R e f .  3 can be explained by i t s  
r e l a t i v e  magnitude, In  the  calculations of R e f .  3, a l l  hydrogen densi ty  i n  a l l  
regions was changed simultaneously, and the  worth of hydrogen i n  the  propellant and 
nozzle regions dominated the t o t a l  material  worth. 
hydrogen worth i n  the moderator was calculated independently and it might be expected 
that i t s  pr inc ipa l  e f f ec t  would be t o  add t o  the  absorption i n  the moderator regions 
and thereby decrease r eac t iv i ty ,  
I n  the  present case, the  
The change i n  the sign of the  r e a c t i v i t y  coef f ic ien t  associated w i t h  a change 
i n  the  f u e l  region radius  must be a t t r ibu ted  t o  the  d i f f e ren t  ca lcu la t iona l  model 
a l so ,  I n  Ref, 3, the model was a f i n i t e  cylinder w i t h  equal-volume annular regions 
representing the seven un i t  c e l l s .  This model placed the f u e l  of the s i x  outer c e l l s  
“ 1  
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i n  a narrow annular region such t h a t  a change i n  f u e l  region radius  resul ted i n  a 
ra ther  modest change i n  the  thickness of the  annulus representing the  s i x  outermost 
c e l l s .  
r e l a t i v e l y  unchanged and, therefore ,  the  presence of a s l i g h t l y  thicker  propellant 
region caused a small r ise  i n  r eac t iv i ty .  It i s  f e l t  t h a t  the  model cur ren t ly  
employed i s  more va l id  with respect t o  geometric changes within the  un i t  c e l l ,  and 
th i s  i s  ver i f ied  by the  comparisons of radius  e f f ec t s  i n  the  seven-module experiment 
discussed i n  APPENDIX A .  
This meant t h a t  i n  6/7ths of the  f u e l  regions, t he  self-shielding was 
Nuclear Fuel Loading Equations - - - - - - - - - - - - - - -  
The equation describing the 
act ive core of the  nuclear l i g h t  
containment measurement (Ref e 5 )  
(the inverse of the  average f u e l  
var ia t ions  of nuclear f u e l  mass stored i n  the 
bulb engine are given i n  R e f .  2. Results of recent  
have indicated that the  f u e l  decay constant, hF, 
residence time) var ies  approximately as follows : 
where P B ~  i s  the  buffer gas densi ty  a t  the nominal edge of t he  f u e l  cloud, WB i s  the  
buffer-gas weight flow, and WL i s  the f u e l  weight flow out of the  vortex region, I n  
the previous s tud ies  of R e f .  2 ,  the  exponent of the buffer-gas-to-fuel weight flow 
r a t i o  was assumed t o  be 1.2. Calculations of dynamic responses of the  uncontrolled 
engine have shown the system t o  be r e l a t i v e l y  insens i t ive  t o  changes i n  the exponent 
between 1.2 and 0.9. 
The f u e l  in jec t ion  weight flow, WF, and the  equations governing i t s  var ia t ion 
with cavi ty  pressure l e v e l  has been described previously. 
Dynamic Character is t ics  of Uncontrolled Engine 
A s e r i e s  of dynamic responses t o  s tep  changes i n  imposed r e a c t i v i t y  of a 
magnitude which would cause t h e  reac.tor t o  become prompt c r i t i c a l  and t o  pos i t ive  
s t e p  changes i n  f u e l  in jec t ion  r a t e  of 10 percent of t h e  full-power value were 
calculated using the  new model of the engine w i t h  no control  mechanisms, 
cases,  the f u e l  in jec t ion  pressure d i f f e r e n t i a l  and the average f u e l  residence time 
were varied t o  determine t h e i r  e f f ec t s  on engine response and t o  se l ec t  the most 
desirable  value of f u e l  in jec t ion  pressure d i f f e r e n t i a l .  
In  these 
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Effec ts  of Changes i n  Fuel In jec t ion  Area and Pressure Dif fe ren t ia l  
The dynamic response of the engine f o r  three d i f f e ren t  f u e l  in jec t ion  pressure 
d i f f e ren t i a l s  (leO, 0.5, and 0.25 atm) was investigated a t  a f u e l  residence t i m e  of 
4 sec. 
Although the responses a re  s imilar  ( i e e o ,  i n i t i a l  o sc i l l a t ions  which a re  dampd well  
within 1.0 sec) ,  the magnitude and frequency of the  osc i l l a t ions  vary., 
of f u e l  in jec t ion  pressure d i f f e r e n t i a l  r e s u l t  i n  higher frequency osc i l la t ions  with a 
lower amplitude (e.g.) Fig. 1 6 ( a ) ) .  Based on rough calculat ing it was estimated t h a t  
0.25 atm i s  the minimum value of the pressure d i f f e r e n t i a l  which may be used t o  provide 
su f f i c i en t  pressure t o  overcome f r i c t i o n a l  losses  i n  the  piping and t o  provide the  
required in jec t ion  ve loc i t ies .  
The power response t o  a s t ep  change i n  imposed r e a c t i v i t y  i s  shown i n  Fig. 16. 
The lower values 
Power responses t o  s t e p  changes i n  f u e l  in jec t ion  area (and, hence, i n i t i a l  
s t e p  changes i n  f l o w  r a t e )  are shown i n  Fig. 17. 
perturbations,  these responses have i n i t i a l  o sc i l l a t ions  followed by a l i nea r  power 
ramp. This power ramp i s  a r e s u l t  of cavi ty  pressure feedback through the  closed- 
cycle f u e l  in jec t ion  system (see Fig. 2 for  flow diagram). If the  change i n  f u e l  
in jec t ion  r a t e  i s  assumed t o  be the  r e s u l t  of a change i n  the control  valve area,  
an increase i n  this  area w i l l  cause an increase i n  f u e l  in jec t ion  r a t e .  The 
increased f u e l  i n j ec t ion  r a t e  w i l l  cause an i n i t i a l  r i s e  i n  pressure which w i l l  tend 
t o  retard the  f u e l  in jec t ion  r a t e  but ,  a f t e r  a period of time equal t o  the  acoustic 
lag  between the vortex region and the f u e l  pump i n l e t ,  th is  pressure r i se  w i l l  be 
f e l t  a t  the pump i n l e t .  If the pressure rise i n  the pump i s  constant, t h e  i n i t i a l  
pressure r i s e  i n  the  vortex region w i l l  be transmitted throughout the f u e l  in jec t ion  
c i r c u i t  and the re ta rda t ion  i n  flow w i l l  no longer be present.  
Uhlike the  responses t o  r e a c t i v i t y  
This e f f e c t  i s  bes t  described by observing the var ia t ion  of the f u e l  in jec t ion  
pressure d i f f e ren t i a l  (PF - Pc) as  Shawn i n  Fig. 18. 
i n  imposed r eac t iv i ty ,  the  f u e l  control  valve area i s  constant and the f u e l  in jec t ion  
pressure d i f f e r e n t i a l  var ies  as shown i n  Fig. 18(a). 
in jec t ion  pressure d i f f e r e n t i a l  gradually damp out t o  the design value of 0.25 a t m  
so that the engine re turns  t o  steady s t a t e  operating conditione I n  the case of a 
s t ep  increase i n  f u e l  i n j ec t ion  area,  the f luc tua t ions  i n  pressure d i f f e r e n t i a l  
(PF - Pc) a re  much smaller, but  the new f i n a l  value i s  0,21 atm, The equation 
governing the  f u e l  in jec t ion  flow r a t e  i s  
I n  the  case of a s t e p  change 
The large f luc tua t ions  i n  f u e l  
pF- pC 1/2 
wF = KF 'F[ 0.25 ] 
The decrease i n  the pressure d i f f e r e n t i a l ,  PF - ,pes does not compensate f o r  t he  
increase i n  the valve area and the calculated value of Wp/(W*), from Eq. (32) f o r  
AF = 1.1 (AP), and (PF - Pc) = 0.21 atm i s  1.008. This increase i n  f u e l  in jec t ion  
I '  
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flow r a t e  causes the  power ramps seen i n  Fig. l T m  The curves i n  Fig. 17 ind ica te  
that ,  as i n  the  case of a change i n  imposed r eac t iv i ty ,  t h e  magnitude of the 
perturbation i s  l e a s t  a t  the  lowest i n i t i a l  in jec t ion  pressure d i f f e r e n t i a l ,  and 
the frequency of the i n i t i a l  o sc i l l a t ions  i s  grea tes t .  The power ramps i n  the case 
of a s t ep  increase i n  f u e l  in jec t ion  area ( i n i t i a l  s t e p  change i n  flow r a t e )  vary 
from 15 percent per sec w i t h  a 1.0-atm pressure d i f f e r e n t i a l  t o  5 percent per sec 
with a 0.25-atm pressure d i f f e r e n t i a l .  
A s  a r e s u l t  of these cases,  it was concluded t h a t  the lowest usable pressure 
d i f f e r e n t i a l ,  estimated t o  be 0.25 atm, i s  the most desirable  value t o  minimize the 
magnitude of the perturbations i n  power during t r ans i en t  operation. 
r e a c t i v i t y  responses of the uncontrolled engine t o  step increases i n  imposed 
r e a c t i v i t y  and f u e l  control  valve area w i t h  th is  d i f f e r e n t i a l  of 0.25 a t m  a re  shown 
i n  Fig. 19, 
The t o t a l  
Ef fec ts  of Changes i n  Average Fuel Residence Time 
Calculations were made t o  determine the dynamic response of the engine t o  s t e p  
increases i n  imposed r e a c t i v i t y  and f u e l  in jec t ion  control  valve area with average 
f u e l  residence times of 4, 10, and 20 sec, using a 0.25-atm f u e l  in jec t ion  pressure 
d i f f e r e n t i a l .  
t i m e  from a value of 7.5 lb/sec f o r  a 4-sec residence time t o  a value 1.5 lb/sec f o r  
a 20-sec residence time, 
times) resu l t  i n  smaller reductions i n  contained mass f o r  a given increase i n  cavi ty  
pressure. If t h e  cavi ty  pressure i s  increased t o  a value which completely stops 
f u e l  in jec t ion ,  the  f u e l  outflow w i l l  remain e s sen t i a l ly  constant and the stored mass 
w i l l  decrease. The r a t e  of decrease i n  stored mass w i l l  be 7*5 lb/sec fo r  a 4-sec 
f u e l  residence time, but only le? lb/sec f o r  a 20-sec residence time. The na tu ra l  
pressure control  i n  the f u e l  cycle system is ,  therefore ,  more sens i t ive  f o r  shorter  
residence times. A s  a r e s u l t ,  the response of the engine f o r  long residence times 
w i l l  have lower frequencies and higher amplitudes. 
The f u e l  in jec t ion  flow rate var ies  inversely w i t h  f u e l  residence 
The lower f u e l  in jec t ion  flow ra t e s  (longer residence 
The 4-sec f u e l  residence time was used i n  a l l  subsequent dynamics cases. The 
response of the engine t o  longer residence times indicated t h a t  the  engine i s  s tab le  
and controllable f o r  any residence time i n  the  range investigated.  
Effects  of Changes i n  Acoustic Lag Time i n  Fuel Cycle Circui t  
The estimated value of the cha rac t e r i s t i c  sound ve loc i ty  i n  the region between 
the cavi ty  and the  f u e l  pump i n l e t  i s  8,02 msec (Fig. 2 ) ,  This value may vary due 
t o  the design of t he  f u e l  separator and associated piping. Calculations were made 
t o  determine the  dynamic response of the  engine t o  s tep  increases i n  imposed 
r e a c t i v i t y  and f u e l  in jec t ion  control  valve area w i t h  acoustic l ag  times of 5, 10, 
and l 5  msec using a f u e l  in jec t ion  pressure d i f f e r e n t i a l  of 0.25 atm and a f u e l  
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residence time of 4 sec. A var ia t ion  i n  t h i s  l ag  w i l l  a f f e c t  the t o t a l  length of 
time the  f u e l  in jec t ion  flow r a t e  w i l l  be influenced by changes i n  vortex pressure. 
For longer l ag  times, the t o t a l  decrease i n  contained mass which w i l l  r e s u l t  from 
a given pressure r i s e  w i l l  become greater .  
f o r  short  l ag  times (5 msec) showed lower magnitude, higher frequency responses since 
there  was l e s s  of a tendency f o r  overcorrection. 
the  engine response was a sustained osc i l l a t ion  which was not damped. 
It was determined t h a t  the engine response 
A t  the  long l a g  times (15 msec), 
The time increment used i n  the calculat ion of t he  dynamic response of the 
engine was varied between 0.5 and 5 msec. It was found that t h e  accuracy of the  
calculat ion was e s sen t i a l ly  unchanged by using the highest  time increment of 5 msec 
while calculat ion time was reduced subs tan t ia l ly .  
f u e l  in jec t ion  system was approximated by a 10-msec time lag. 
The ac tua l  acoustic l a g  i n  the 
A s  mentioned previously, the engine has been shown t o  be very sens i t ive  t o  f u e l  
in jec t ion  flow r a t e  and fu r the r  ana ly t ica l  and experimental s tudies  of the  f u e l  
in jec t ion  system should be made t o  determine the  m o d e l  which most accurately 
represents the cha rac t e r i s t i c s  of the  system including de ta i led  design of the f u e l  
i n j ec t ion  system and invest igat ion of the propert ies  of pa r t i c l e -ca r r i e r  gas 
mixtures flowing through the  c i r c u i t .  
Control Methods Investigated 
The r e s u l t s  of the dynamics s tudies  of the uncontrolled engine indicated a 
requirement for  some type of control  t o  eliminate the  continuous power ramps which 
occur w i t h  a s t ep  change i n  f u e l  in jec t ion  control  valve area. 
were made of the p o s s i b i l i t y  of eliminating the  pressure d i f f e r e n t i a l  across t h e  
transparent s t ruc ture  by using the turbine control  valve or  the variable-area 
propellant e x i t  nozzle, but  these control  methods were not  as  s a t i s f ac to ry  as the 
t r ans fe r  volume concept previously described, 
Investigations 
The majority of nuclear reac tors  have primary control  systems based on the 
continuous measurement of t he  neutron f lux  l e v e l  and the r a t e  of change of the 
neutron f lux  leve l .  The l a t t e r  measurement i s  used t o  determine the reactor  period, 
which i s  defined as  the time required f o r  the neutron f lux  t o  increase by a fac tor  
of e .  Thus, a shor t  reactor  period i s  associated w i t h  a large value of the neutron 
l e v e l  r a t e  of change, dN/dt. 
I n  the majority of solid-fueled reac tors ,  control  i s  achieved by removal of 
neutron absorbing mater ia ls  fiom the active core region, I n  a gaseous nuclear rocket 
engine the  most e f f ec t ive  control  method i s  the  var ia t ion  i n  contained mass i n  the 
vortex region by control l ing the  f u e l  in jec t ion  r a t e .  With a 4-sec f u e l  residence 
time, the  f u e l  in jec t ion  r a t e  i s  7e5 lb/sec,  and rapid changes i n  contained mass can 
be achieved by cont ro l l ing  f u e l  in jec t ion  r a t e .  
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The f i n a l  full-power cont ro l  selected (discussed below) was based on a 
combination of neutron f l u x  r a t e  of change (or reactor  period control)  and absolute 
neutron f l u x  leve l .  If it i s  assumed that there  i s  some f i n i t e  l eve l  of t he  rate 
o f  change of neutron f l u x  which cannot be sensed by a period meter, it i s  possible 
f o r  the  power l e v e l  Co increase or decrease on a very shallow ramp, and the  absolute 
l e v e l  of neutron f lux  measurement can be used t o  i n i t i a t e  a control  input t o  cor rec t  
th i s  condition when a given deviation from the operating power l eve l  i s  reached. 
Both of t h e  controls  were assumed t o  operate on the  f u e l  in jec t ion  control  valve. 
A schematic diagram of the  control  c i r c u i t  i s  shown i n  Fig. 20. This c i r c u i t  
u t i l i z e s  sensors S1 and S2 i n  Fig. 4 only, since during perturbations from full-power 
operation there  i s  no necessi ty  t o  vary the coolant flow r a t e s  or  the  propellant 
exhaust nozzle flow area.  
Reactor Period Control 
The s e n s i t i v i t i e s  and control  gains f o r  the i n i t i a l  invest igat ions of t he  
controlled reactor  were chosen by calculat ing the controlled response for a number 
of reactor  periods and control  response times. The reactor  period meter was assumed 
t o  monitor the neutron f l u x  l e v e l  continuously and t o  calculate  the average normal- 
ized value of t h e  r a t e  of change of neutron f lux  ( l / N ) ( d N / d t )  over a 0.2-sec time 
period. The use of an averaged value over a r e l a t i v e l y  long time tends t o  m a k e  the  
control  insens i t ive  t o  high frequency osc i l l a t ions  and promoted damping of t he  
perturbation. The normalized value was used so t h a t  the  engine could s t a b i l i z e  a t  
some power l eve l  other than the  design steady-state value since a requirement t o  
s t a b i l i z e  at the design steady-state value could i n i t i a t e  an osc i l l a to ry  response 
i n  the control  c i r c u i t .  Further invest igat ions w i l l  be made t o  determine the  e f f ec t  
of a control without t he  normalization fac tor .  
i n i t i a l  controlled response cases was approximately 60 sec. 
t o  a normalized slope of 5 percent as shown by the control  l i m i t s  i n  Fig. 20. The 
control  gain selected was a change i n  f u e l  control  valve area equal t o  0.002 times 
t h e  normalized value of the slope. 
The reac tor  period selected f o r  the 
This value corresponds 
Neutron Flux Level Control 
The reac tor  period control  described above tends t o  damp out the short  reactor  
periods (high r a t e  of change of neutron f lux )  but does allow values of reactor  
period greater  than 60 sec. 
be corrected by the  reactor  period meter, a maximum and minimum value of the absolute 
neutron flu l e v e l  may be sensed and used t o  ac t iva te  a second type of control  
(F ig .  2 0 ) ,  The var ia t ion  i n  absolute neutron f lux  l e v e l  selected was -5 percent, and 
the control  gain f o r  an absolute f lux  l e v e l  outside the l i m i t s  was a 20 percent 
change i n  f u e l  control  valve area per sec which continues as long as the absolute 
value of neutron f lux  exceeds the l i m i t s  specif ied.  
If the response r e s u l t s  i n  a constant ramp too small t o  
+ 
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There must be some response time included i n  the  control  system simulation t o  
approximate the delay between the  sensors and the r e su l t i ng  change i n  f u e l  control  
valve area,  
the response of th i s  sensor, pa r t i cu la r ly  w i t h  respect t o  i n i t i a l  o sc i l l a t ions .  It 
was a l so  assumed t h a t  there  would be a 0,050-sec delay time between t h e  sensor and 
the  valve response due t o  combined delays i n  the sensing instrument and valve, 
were no terms included t o  approximate the  i n e r t i a  of the control  valve since the 
var ia t ions  are  r e l a t i v e l y  small, It was assumed that a time delay, r a t h e r  than a 
time-varying lag ,  would be su f f i c i en t  t o  approximate the  actual  response with the  
small time-step employed i n  the  dynamics calculat ions.  
The averaging which occurs i n  the  reactor period meter tends t o  slow 
There 
Transfer Volume Pressure Balance Control 
The t r ans fe r  volume must be made large enough t o  equalize pressures between the  
vortex and propellant regions for  the worst case which can occur, I n  addition, the 
design of the movable diaphragm i n  the  t r ans fe r  volume i s  dependent upon the r a t e  of 
volume t ransfer  required during a perturbation, and it must be sized s o  t h a t  the  
pressure d i f f e r e n t i a l  across the transparent s t ruc ture  does not exceed the allowable 
l i m i t s  (1 atm burst ing,  0.1 atm collapsing f o r  the reference engine design) ,  An 
a l t e rna te  configuration employing a larger  number of un i t  cav i t i e s  (hence, smaller 
c e l l  diameters) was investigated i n  APPENDIX C. 
and collapsing pressures f o r  t he  a l t e rna te  configuration were 6.9 and 7.4 atm, 
respectively.  It i s  necessary t o  insure t h a t  a t  the end of any perturbation the 
diaphragm i n  t h e  t ransfer  volume be returned t o  a cen t r a l  posi t ion,  
makes it necessary t o  determine when steady-state operation has been achieved and t o  
ac t iva te  t h e  neon make-up system i n  accordance w i t h  a diaphragm posi t ion sensor t o  
re turn  the diaphragm t o  a cen t r a l  posi t ion by adding or withdrawing neon from the 
neon c i r c u i t .  
been made, but the  t o t a l  volumes of neon required t o  reposi t ion the diaphragm are  
estimated t o  be small. 
The allowable l i m i t s  of burst ing 
This requirement 
Detailed analysis  of t he  system required f o r  t h i s  operation have not 
Secondary Control System 
The sensors and controls fo r  coolant flow r a t e ,  neon f l a w  r a t e ,  and exhaust 
nozzle f l a w  area would not be designed t o  respond t o  small perturbations during 
steady-state operation, but  would be employed during s ta r t -up ,  shutdown, and f o r  
la rge  changes i n  power l eve l  (AQ/Q > 10 percent).  When used, they would respond t o  
input s ignals ,  as they do during s tar t -up,  with a feedback s ignal  based on the  
absolute l e v e l  of neutron f l u x  leve l ,  s imilar  t o  the operation previously described 
i n  the  s ta r t -up  program, 
j 
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The only means avai lable  f o r  the rapid shutdown of the engine i s  a reduction 
i n  the  contained mass by completely stopping the in jec t ion  of fue l .  
required t o  shut  down i n  t h i s  manner i s  dependent upon the f u e l  residence time. 
For a b s e c  residence time, complete f u e l  shutoff i s  equivalent t o  in se r t ion  of 
negative r e a c t i v i t y  a t  the r a t e  of about -40 dol lars /sec which should reduce power 
very rapidly.  Since an act ivated shutdown cannot be considered t o  be a small 
perturbation, pressure equalization cannot be maintained by means of the  t r ans fe r  
volume and the secondary flow and nozzle controls  used during s ta r t -up  must a l s o  be 
used during reactor  shutdowns. During shutdown the vortex pressure w i l l  drop much 
more rap id ly  than the propellant pressure unless some adjustment i n  neon flow r a t e  
i s  made t o  keep the neon system a t  a reasonably high temperature. Control schemes 
for  shutdown i n  both gradual and emergency modes have not been investigated.  
However, calculat ions have been made with the  engine dynamics program t o  indicate  
how f a s t  the  engine power w i l l  decrease if f u e l  in jec t ion  i s  interrupted.  
de ta i led  s tudies  of shutdown modes t o  include the response t o  an emergency shutdown 
w i l l  be made. 
The t i m e  
Further 
Dynamic Character is t ics  of Controlled Engine 
The engine dynamics program was used t o  predict  the response of the controlled 
engine t o  s t ep  changes i n  imposed r e a c t i v i t y ?  s t e p  changes i n  f u e l  control  valve 
area,  s t ep  changes i n  exhaust nozzle flow area,  and ramp changes i n  turbopump wheel 
speed and f u e l  region radius.  The power responses of  the engines are  presented fo r  
a l l  perturbations,  and the  var ia t ions  of other important parameters such as  r e a c t i v i t y  
coef f ic ien ts ,  pressure,  f u e l  flow ra t e s ,  t r ans fe r  volume requirements, t o t a l  
contained mass and l o c a l  temperatures are shown. 
The control  methods used f o r  the  r e s u l t s  presented a re  those discussed i n  the  
The preliminary r e su l t s ,  which have been obtained with d i f f e ren t  preceding section. 
control  gains,  a re  a l so  shown f o r  a f u e l  control  valve area perturbation. 
Effects of Posit ive Step Changes i n  Imposed Reactivity and Fuel Control Valve Area 
The response of the engine t o  a posi t ive s t ep  change i n  imposed r e a c t i v i t y  i s  
shown i n  Fig. 21, In  these cases, the t o t a l  r e a c t i v i t y  i s  defined as  
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where 6k0 i s  the  base r e a c t i v i t y  required t o  o f f se t  the  lo s s  of delayed neutrons 
(0.001485), 6k l  i s  the  imposed change i n  r e a c t i v i t y  (0.000976 f o r  a 4-sec f u e l  
residence time) and 6k2 i s  the  feedback i n  r e a c t i v i t y  caused by perturbations from 
the  steady s t a t e .  A t  s teady-state operation, 6 k l  = 6k2 = 0 and the t o t a l  r e a c t i v i t y  
6k i s  equal t o  6ko. i 
It may be seen from Figs. 21(a) and (b)  that the  controlled response does not / I  
2 d i f f e r  grea t ly  from the  uncontrolled response (compare w i t h  Figs. lg (a)  and 16(a) ,  
respect ively) .  The reason f o r  the s imi l a r i t y  i s  t h a t  the  i n i t i a l  o sc i l l a t ions  a re  
of r e l a t i v e l y  high frequency and are  damped 
the  control  system i n  calculat ing the average r a t e  of change of neutron f lux  l eve l  
(0.2 sec) .  
control  l i m i t s ,  and the  amount of change caused by control  system inputs i s  negl igible .  
by t h e  r e l a t i v e l y  long time used by I 
None of the osc i l l a t ions  r e s u l t  i n  a neutron f l u x  l eve l  outside the 
The perturbation tends t o  damp out a t  the  steady-state values of r e a c t i v i t y  and 
power within about 0.3 sec. 
Tke individual values of t he  r e a c t i v i t y  coef f ic ien ts  a re  shown i n  Figs. 21(d) 
through ( g ) e  The sum of a l l  of these r e a c t i v i t y  coef f ic ien ts  i s  equal t o  8k2 i n  
Eq. (33). The mass coef f ic ien t  (Fig. 21(d)) i s  the dominant coef f ic ien t ,  and the  
o r ig ina l  imposed s t ep  increase i n  r e a c t i v i t y  6 k l i s  o f f s e t  by an equal change i n  
6% w i t h  the  remainder of the r e a c t i v i t y  coef f ic ien ts  approaching zero as steady- 
s t a t e  conditions a re  approached. Figures 21(h),  ( i ) 9  and ( j )  show the fue l  i n j ec t ion  
r a t e ,  f u e l  l o s s  r a t e ,  and contained f u e l  mass. They indicate  t h a t  s teady-state  
operation was a'chieved by a re ta rda t ion  i n  f u e l  in jec t ion  r a t e  which caused a reduc- 
t i o n  i n  the  contained f u e l  mass. This s l i g h t  reduction i n  contained f u e l  mass causes 
the negative mass r e a c t i v i t y  coef f ic ien t  shown i n  Fig. 21(d). 
Figures 21(k) and (1) show the var ia t ion  of the f u e l  surface rad ia t ing  tempera- 
t u re  and the transparent-wall coolant e x i t  temperature , respectively.  
shows the required volume which must be t ransferred between the vortex and propel lant  
c i r c u i t s  t o  l i m i t  pressure d i f f e r e n t i a l s  across the  transparent s t ruc ture  t o  l e s s  
than 0 , l  atm. I n  the calculat ion of t r ans fe r  volume requirements, a posi t ive value 
represents  a t r ans fe r  of volume from the neon c i r c u i t  t o  the hydrogen c i r c u i t .  
Although the engine re turns  t o  a steady-state operating condition, the  diaphragm i s  
displaced from i t s  or ig ina l  centered posi t ion (VTR # 0) .  
Figure 21(m) 
Fuel Control Valve Area - - - - - - - - - - - -  
The response of the engine t o  a posi t ive i n i t i a l  s t e p  change i n  f u e l  control  
valve area,  which causes a posi t ive i n i t i a l  s t ep  change i n  f u e l  in jec t ion  f l o w  r a t e ,  
i s  shown i n  Fig,  22, A s  i n  the case of an imposed r e a c t i v i t y  change, the  f u e l  
control  va1v.e area i s  defined as 
?. 
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where (AF)o i s  t h e  or ig ina l  steady-state value of the area,  6 A ~ 1 ,  i s  the imposed 
s t e p  change i n  area (equal t o  0.10(A~), i n  these cases) and 6 A ~ 2  i s  the time-varying 
change i n  area resu l t ing  from inputs by the control  c i r c u i t s .  The f u e l  in jec t ion  
rate, f u e l  l o s s  r a t e ,  and. contained mass f o r  this  perturbation are  shown i n  Figs. 
22(d),  (e) , and ( f ) ,  respectively.  
w a l l  coolant exi t  temperature, and t r ans fe r  volume requirements are  shown i n  Figs. 
The surface rad ia t ing  temperature, transparent- 
22(d.9 (h ) ,  and (i). 
During the i n i t i a l  pa r t  of the perturbation (t < 1 see) ,  t he  response does not  
d i f f e r  grea t ly  from that of the uncontrolled engine. This i s  t o  be expected since 
the power ramp i n  the uncontrolled case has a normalized slope of approximately 
1.05 and w i l l  not  cause a large control response. 
f l u x  l eve l ,  which i s  proportional t o  the power l eve l )  reaches a value 5 percent 
above the steady-state value ( A Q / ~  = 1.05; Fig. 22(b)) ,  the absolute neutron f lux  
l eve l  sensor w i l l  i n i t i a t e  a control  correction, For the  low control  gain used, the 
area i s  reduced t o  a value which r e su l t s  i n  a decreasing power and neutron f l u x  
ramp. The reac tor  period control  damps the slope of the neutron f l u x  t o  a l e v e l  
below 1.05 and the  power w i l l  continue t o  decrease u n t i l  the  low value of absolute 
neutron flux l e v e l  i s  reached. It may be noted from Fig. 22(d) and ( f )  t h a t  t he  
correction t o  the f u e l  control  valve area causes a r e l a t i v e l y  large change i n  f u e l  
in jec t ion  r a t e  and contained f u e l  mass which reverses the  d i rec t ion  of the  power 
ramp. This type of correction i s  necessary t o  l i m i t  the  amount of power deviation 
pas t  the control  l i m i t  which resu l t s  from the delay t i m e  i n  the control  c i r c u i t ,  
Even w i t h  th i s  large correction, the power exceeds the l i m i t  set  by the  control  fo r  
about 0.15 see. A l e s s  severe response would r e s u l t  i n  a higher power var ia t ion  f o r  
a longer t i m e  period. 
When the  power l e v e l  (and neutron 
The forced osc i l l a t ion  i n  power shown i n  Fig. 22(b) with an amplitude of 
i0.05 
of those perturbations which are not self-damping. The amplitude and frequency of 
the  osc i l l a t ion  i s  a function of the. control system constants ra ther  than the 
perturbation i t s e l f .  Some preliminary r e s u l t s  of varying the control  constants are  
discussed i n  a subsequent section. 
and a frequency of approximately 0.133 cycles per see i s  character is t2c 
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Effects of Negative Step Changes i n  Imposed Reactivity and Fuel Control Valve Area 
The power responses of the engine t o  a negative s t e p  change i n  imposed 
r e a c t i v i t y  and a negative s t e p  change i n  f u e l  control valve area are shown i n  Figs. 
23(a) and (b) ,  respectively.  
control valve area appears t o  be similar t o  that for t h e  posi t ive s t ep  change 
(compare Figs. 22(b) and 23(b). The response f o r  a negative s t ep  change i n  imposed 
r e a c t i v i t y  does not  s t a b i l i z e  as did the posi t ive s t e p  change (compme Figs. 21(b) 
and 23(a),  but follows a posi t ive ramp i n  power which w i l l  eventually follow the 
charac te r i s t ic  control osc i l la t ion  described above. The explanation f o r  th i s  
difference i s  that an overpressure i n  the  vortex i s  more effect ive i n  changing 
contained f u e l  mass than i s  an underpressure i n  the vortex. Numerically, an under- 
pressure of 0.25 atm w i l l  increase the f u e l  f l o w  r a t e  by 40 percent while an over- 
pressure of 0.25 atm w i l l  reduce the f u e l  f l o w  rate t o  zero. This nonl inear i ty  w i l l  
cause a large control  input i n  the case of an underpressure and cause a posi t ive 
power ramp. 
The r e s u l t  f o r  the negative s t ep  change i n  f u e l  
Effects of Perturbations i n  Turbopump Wheel Speed, 
Fuel Region Radius-and Exhaust Nozzle Area 
. .  
i 
The power response of t he  engine to terminating ramps i n  turbopump wheel speed 
i s  shown i n  Fig. 24. 
perturbations are followed by the charac te r i s t ic  controlled response var ia t ions.  
I n  both the posi t ive and negative responses, the i n i t i a l  > 
The power response of the engine t o  a terminating ramp i n  f u e l  region radius 
i s  shown i n  Fig. 25. I n  these cases, fuel region radius changes were imposed by 
input parameters. 
i n  power 6r flow conditions or of feedbacks which might tend t o  res tore  or damp imposed 1 
variat ions were not included. Development of an ana ly t ica l  model of the dynamics of I 
the f u e l  region should be the subject of fur ther  investigations.  The posi t ive and 
negative perturbations r e s u l t  i n  power var ia t ions that  are essent ia l ly  mirror images; 
the response i s  a gradual ramp which w i l l  eventually follow the charac te r i s t ic  
controlled response osc i l la t ion  e 
I 
Considerations of var ia t ions i n  f u e l  region radius due t o  changes 
J 
The power response of the engine t o  s t e p  changes i n  propellant exhaust nozzle 
area are shown i n  Fig. 26. T h i s  type of perturbation was investigated instead of 
t he  s t ep  change i n  reactor operating pressure since the general e f f e c t  i s  similar 
( a  sudden change i n  exhaust nozzle area w i l l  cause a change i n  the average propellant 
pressure and flow r a t e  according t o  Eq. ( 8 ) ) ,  Local pressure disturbances due t o  
acoustic lags were not included. Both perturbations cause power ramps which w i l l  
lead t o  a charac te r i s t ic  controlled response. 
! I  
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Effects  of Changes i n  Control System Parameters 
Since a l l  of the perturbations,  with the exception of the  pos i t ive  s t ep  increase 
i n  imposed r eac t iv i ty ,  eventually r e s u l t  i n  an osc i l l a t ion  which depends upon the 
control  system parameters, morexalculat ions are needed to determine optimum values 
f o r  these parameters. It was determined from a survey of reactor  control  mechanisms 
that it i s  possible t o  measure reactor periods of 600 sec or longer. 
ind ica te  t h a t  it i s  feas ib le  t o  reduce the minimum measurable slope t o  the  order of 
1.005, ra ther  than 1.05 (used i n  the  s tud ies  t o  da t e ) .  Preliminary calculat ions of 
the engine response t o  a posi t ive i n i t i a l  s t e p  change i n  f u e l  control  valve area 
were performed f o r  a minimum slope of 1.005 and various values of the gain which 
determines the area change. The r e s u l t s  f o r  three values of the gain a re  shown i n  
Fig. 27. The bas ic  charac te r i s t ics  of the responses a re  similar but  the  frequency 
of the  response may be reduced t o  on the order of 0.01 cycles per sec. It i s  a l so  
possible t o  introduce too  la rge  a control  gain and t o  impose osc i l l a t ions  of 
increasing amplitude which f i n a l l y  override the absolute f lux  l i m i t  controls.  
these preliminary analyses, no control  constant was found which would force the 
perturbation t o  a new steady-state value, 
This would 
In  
A control  gain which i s  good fo r  one pa r t i cu la r  perturbation may not be the  bes t  
f o r  a l l  perturbations.  
s tudies  of the response f o r  a l l  perturbations considered. 
Final  determination of the optimum control  gain w i l l  require  
Response of Engine to Activated Scram 
The response of the engine to an act ivated scram which i s  achieved by reducing 
The r a t e  of power reduc- the  f u e l  in jec t ion  flow r a t e  t o  zero i s  shown i n  Fig. 28. 
t i o n  i s  extremely rapid even though the  ac tua l  amount of contained mass l o s t  i s  
r e l a t i v e l y  small. These r e s u l t s  indicate  t h a t  a cutoff of fue l  in jec t ion  i s  a 
s a t i s f ac to ry  method of shut t ing down the engine rapidly.  Additional invest igat ions 
of t he  pressure and flow response must be made t o  determine an appropriate shutdown 
method e 
Transfer Volume Requirements 
The design of the  t r ans fe r  volume and diaphragm i s  determined by the  most 
severe operating conditions which occur as  a r e s u l t  of the perturbations t h a t  w i l l  
occur. The two fac tors  which must be considered i n  the t r ans fe r  volume design are  
the maximum volume t ransfer red  during a given perturbation (both posi t ive and 
negative) and the diaphragm design necessary t o  insure t h a t  the  maximum allowable 
pressure d i f f e r e n t i a l  across the  transparent s t ruc ture  w i l l  not be exceeded. In 
addition t o  determining the t ransfer  volume design requirements, it i s  necessary 
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t o  consider the volume flow r a t e s  of gas t ransfer red  during the  various perturbations 
i n  order t o  ca lcu la te  the e f f e c t s  on the  operating conditions i n  the propellant 
region and the exhaust nozzles. All of the extreme conditions w i l l  not  necessar i ly  
occur during the  same perturbation response. 
The diaphragm design i s  based on a s t a in l e s s - s t ee l  diaphragm w i t h  an assumed 
thickness of 0.005 in .  
t o  determine a minimum allowable value of the  diaphragm area,  AD. 
m a x i m u m  volume t ransferred and minimum diaphragm area w i l l  e s t ab l i sh  the  t r ans fe r  
volume dimensions. 
This value of diaphragm thickness,  AX,, i s  used i n  Eqo (27) 
A combination of 
The maximum posi t ive volume displacement (vortex pressure greater  than propellant 
pressure) occurs for  the  s t ep  increase i n  exhaust nozzle area,  and i t s  value i s  
4.3 f t3 .  
exhaust nozzle area,  and i t s  value i s  3.3 ft3.  
this  pa r t i cu la r  perturbation causes an immediate var ia t ion  i n  propel lant  pressure 
l e v e l  which must be balanced through the t r ans fe r  volume. 
diaphragm area necessary t o  insure t h a t  the minimum pressure d i f f e r e n t i a l  i n  the 
transparent w i l l  i s  not exceeded i s  2.98 f t 2  and t h i s  condition occurs during the 
perturbation caused by a posi t ive ramp change i n  turbine wheel speed. 
The maximum negative volume displacement occurs fo r  the s t ep  decrease i n  
This r e s u l t  i s  t o  be expected s ince 
The l a rges t  value of 
The t r ans fe r  volume design which r e s u l t s  from these l i m i t s  has a t o t a l  volume 
of 7.6 f t 3  and a cross-sectional area of 2.98 f t2  i f  a s ingle  u n i t  i s  employed. 
the  t r ans fe r  volume i s  divided i n t o  7 separate un i t s ,  the dimensions of each un i t  
would be approximately 1.1 f t 3  with a cross-sectional area of 0.44 f t2 .  If seven 
uni t s  are  used, they a re  small enough t o  be included i n  the upper or lower end plug 
regions s o . t h a t  the  length of the ducting t o  the  t r a n s f e r  volume could be minimized 
and a su f f i c i en t  amount of coolant would be avai lable  t o  maintain moderate temperature 
leve ls  i n  the t r ans fe r  volume. 
increased t o  on the  order of 2 f t2 ,  so that only 0.5 f t  of length would be required.  
If 
In t h i s  region, the cross-sectional area could be 
The maximum instantaneous values of volumetric flow r a t e  through the  t r ans fe r  
volume occur f o r  the s t ep  increases i n  exhaust nozzle a rea  since,  as  previously 
mentioned, the pressure var ia t ion  introduced by th i s  perturbation i s  large and must 
be balanced through the t r ans fe r  volume. The calculated volumetric flow r a t e  i s  on 
the  order of 50 f t3/sec.  
r a t e  of coolant a t  the i n l e t  t o  the propellant region (125 f t3/sec)  b u t  l e s s  than 
10 percent of the volume flow r a t e  through the exhaust nozzle (565 f t3 / sec) .  The 
t o t a l  duration of the  high volumetric f low r a t e  i s  only 0.025 sec so tha t  the  t o t a l  
volume t ransfer red  i s  on the  order of 1.25 f t3 -  The t o t a l  volume of the propellant 
heating region i s  85 f t 3  so  that any var ia t ions i n  propellant temperature due t o  the  
in jec t ion  of r e l a t i v e l y  cold gas from the t r ans fe r  volume w i l l  not cause noticeable 
changes i n  the average temperature of the propellant and, therefore ,  there  w i l l  be no 
appreciable change i n  propellant conditions a t  the  exhaust nozzle, 
This i s  r e l a t i v e l y  large compared w i t h  the  volumetric f l o w  
. . :I 
$ 
.. i 
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Any change i n  the cont ro l  system gains may a f f e c t  the  response of the engine 
t o  the  pertourbations and, therefore ,  may change the  t r ans fe r  volume requirements. 
I n  general, it would be expected that a t i g h t e r  control  system would result i n  
smaller t r ans fe r  volumes w i t h  smaller cross-sectional areas.  
Analysis of Possible Variations i n  Steady-State Operating Temperatures 
The present reference design of the nuclear l i g h t  bulb engine, pa r t i cu la r ly  w i t h  
regard t o  the  cooling sequence i n  the  in t e rna l  components and the  dimensions of the 
coolant passages, i s  based on maintaining ce r t a in  minimum temperature leve ls  i n  
various components. 
which a re  made of beryllium (cavi ty  l i n e r  tubes,  t i e  rods,  and flow-divider) should 
not exceed 1500 R and the  temperature leve ls  i n  the t ransparent  s t ruc ture  should not 
exceed 2570 R. The nominal operating conditions of these components a r e  based on 
calculat ions involving physical propert ies  of the coolant and s t r u c t u r a l  mater ia ls ,  
dimensions of the components and predicted heat loads, a l l  of which a re  subject  t o  
var ia t ions  from nominal values, These var ia t ions can be uniform throughout the  
reac tor ,  as would occur w i t h  a var ia t ion  i n  reactor  power leve l ,  o r  they may be 
loca l  var ia t ions due t o  dimensional tolerances i n  a component. Since it i s  
desirable  to operate many of the components as close as possible t o  t h e i r  temperature 
l i m i t s  t o  maximize engine performance, the  possible var ia t ions i n  temperature l eve l s  
must be determined. An analysis of the var ia t ions  i n  temperature can be used to 
es t ab l i sh  the desired nominal operating temperature, t o  predict  the probabi l i ty  of 
exceeding a given temperature leve l ,  and to i den t i fy  which of the tolerance 
var ia t ions  i s  most c r i t i c a l  i n  determining the maximum temperature which may be 
reached. 
For example, the  temperature l eve l s  i n  the s t r u c t u r a l  components 
The analysis of the temperature var ia t ions  consisted of a determination of the  
extremes i n  temperature var ia t ion  which would be caused by each parameter which was 
varied and a s t a t i s t i c a l  analysis  of the e f f e c t s  of the f ive  la rges t  extreme values 
to determine the probabi l i ty  of exceeding selected temperature leve ls .  
The procedure employed i s  s i m i l a r  t o  t h a t  described i n  Ref e 14. The equations 
which determine the temperature leve ls  o r  temperature differences as  a function of 
the physical propert ies  and component dimensions were used t o  determine the  contribu- 
t i o n  of each var iable  to the  off-design temperature. For example, the temperature 
r i s e  i n  a coolant passage may be expressed as 
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where  AT^ = temperature r i s e  i n  coolant i n  deg R,  Q = heat input i n  Btu/sec, W = mass 
f l o w  r a t e  i n  lb/sec,  and Cp = spec i f ic  heat i n  Btu/lb-deg Re 
Q4 W, or C 
t o  t he  appropriate var iable ,  so t h a t  
The e f f e c t  of varying 
may be determined by taking the  p a r t i a l  der ivat ive of  AT^ with respect  P 
(37) 
The ac tua l  value of the  var ia t ion  i n  AT, due t o  a var ia t ion  i n  Q of AQ i s  equal t o  
a AT, AQ AQ = Q AT, 
d Q  
where Q and Tc i n  Eq. (38) a re  nominal values. 
W and Cp are  
Similarly,  the var ia t ions  caused by 
and the  sum of a l l  of the variances i s  
' :h 
3 
: :, 
. .j 
i' 
i 
where 8T/8ui i s  evaluated a t  the  mean value of the var iables .  
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It was assumed t h a t  each of the var iables  had a rectangular probabi l i ty  
d i s t r ibu t ion ,  that i s ,  there  i s  an equal probabi l i ty  of the var iable  having any 
value between an upper and lower l i m i t .  
t h e i r  l i m i t s  a r e  shown i n  Table VTII. It may be noted i n  Table V I 1 1  t h a t  s imilar  
variances i n  physical  propert ies  and temperature leve ls  a r e  employed i n  a l l  regions 
but the dimensional tolerances vary depending upon the s i ze  of the coolant passage. 
Allowable wall thickness var ia t ions  were assumed t o  be large since there  i s  no 
simple nondestructive t e s t  which could insure close tolerance on wal l  thicknesses. 
The var iables  which were considered and 
The extremes of the temperature var ia t ion  due t o  each parameter l i s t e d  i n  
Table V I 1 1  were calculated f o r  the  e ight  regions invest igated.  
extremes i s  the maximum temperature var ia t ion  which could occur i n  t h e  region. It 
i s  possible t o  determine a d i s t r ibu t ion  function of the var ia t ion  from the nominal 
temperature and t o  determine the  probabi l i ty  of exceeding the nominal temperature by 
any amount. The method of combining the individual var ia t ions i s  described i n  
Ref, 14 and, t o  simplify the calculation of the probabi l i ty  of exceeding the nominal 
temperature by any amount, only the f i v e  l a rges t  variances were used i n  the calcula- 
t i o n .  The maximum var ia t ion  and the  f ive  l a rges t  variances are  tabulated f o r  each 
region i n  Table IX. The probabi l i ty  of exceeding any given value above or below the 
nominal value i s  shown i n  Fig. 29. I n  Fig. 29, some of the  probabi l i ty  functions 
vary considerably from a normal d i s t r ibu t ion  function. 
var ia t ions  i s  much la rger  than the others and tends t o  d i s t o r t  the  probabi l i ty  
function ., 
The sum of these 
In these cases, one of the 
Based on the  r e s u l t s  of t h i s  analysis ,  it i s  concluded t h a t  it may be 
desirable  t o  reduce the nominal values of t h e  operating temperatures i n  some of the 
c r i t i c a l  components, such as  the t ransparent  s t ruc ture  and the cavi ty  l i n e r ,  t o  
e s t ab l i sh  a lower probabi l i ty  of exceeding the maximum allowable temperatures. 
Further analyses should be conducted before making such changes i n  the  reference 
engine design. 
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LIST OF SYMBOLS 
A 
A* 
AD 
AF 
"D 
Bj 
cP 
d i  
F 
f 
I 
KC 
KF 
Kin 
KP 
k 
L 
/l* 
Mc 
MF 
2 Area, f t  
Nozzle throa t  area, f t 2  
Diaphragm cross-sectional area,  f t 2  
Fuel in jec t ion  control  valve flow area,  f t  2 
Diaphragm accelerat ion,  f t / s ec  2 
Constant 
Specific heat ,  Btu/lb- deg R 
Coolant passage in t e rna l  diameter, ft 
Force, l b  
Acceleration due t o  gravity,  32.2 f t /sec2 
Moment of i n e r t i a  of 
Thermal conductivity 
turbopump, f t- lb- s ec 2 
of coolant, Btu/ft-sec-deg R 
Fuel in jec t ion  flow r a t e  ca l ibra t ion  f ac to r ,  lb/sec-ft2 
Thermal conductivity of s t ructure ,  Btu/ft-sec-deg R 
Throat flow parameter, lb-(deg R)T/sec-ft2-atm (see Ref e 12) 
Effect ive mult ipl icat ion f ac to r  
Coolant passage length,  f t  
1 
Prompt neutron l i fe t ime,  sec 
C r i t i c a l  mass, l b  
Nuclear f u e l  loading, gm or  l b  
P 
49 
5-910900-5 
LIST OF SYMBOLS (Continued) 
MH 
N 
FB 
P 
PC 
pF 
Q 
&FP 
QP 
QT 
q0 
Rc 
RF 
S 
T 
w 
Hydrogen mass l b  
Neutron densi ty  , neutrons/cm3 
Turbine pressure r a t i o  
Pressure, atm 
Total chamber pressure, atm 
Fuel in jec t ion  pressure, atm 
Power l e v e l  or heat deposition rate, Btu/sec or megw 
Fission product heating, Btu/sec 
Pwap power requirement, Btu/sec 
Turbine power output, Btu/sec 
Dynamic pressure, atm 
Cavity radius,  f t  
Fuel region radius ,  f t  
Coolant hole spacing 
Temperature, deg R 
Equivalent black-body radiat ing temperature, deg R 
Average Be0 moderator temperature, deg R 
Coolant i n l e t  temperature, deg R 
Fuel temperature, deg R 
Average graphite moderator temperature, deg R 
\ 
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LIST OF SYMBOLS (Continued) 
I i i .  
! 
.= . 
4 '  
t 0  
U 
Turbine i n l e t  temperature, deg R 
Average moderator temperature, deg R 
Propellant e x i t  temperature, deg R 
Radiator i n l e t  temperature, deg R 
Radiator ou t l e t  temperature, deg R 
Transparent-wall temperature, deg R 
Total elapsed time since i n i t i a t i o n  of s ta r t -up  or perturbation, sec 
Star t ing  time of perturbation, see 
Dummy variable 
V Volume, f t 3  
vT Total volume, f t 3  
D V 
W 
WB 
wF 
wL 
WN 
wP 
(WT)RAD 
X 
Required t ransfer  volume, ft3 
Diaphragm veloci ty ,  f t / s ec  
Mass flow r a t e ,  lb/sec 
Buffer gas flow r a t e ,  lb/sec 
Fuel in jec t ion  r a t e ,  lb/sec 
Fuel loss r a t e ,  lb/sec 
Neon flow r a t e ,  lb/sec 
Propellant mass flow r a t e ,  lb/sec 
Total rad ia tor  weight, l b  
Coolant tube wal l  thickness, f t  
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P i  
AM 
AP 
AP' 
AV 
Delayed neutron f r ac t ion  
Change i n  mass, gm or l b  
Change i n  f u e l  mass, lb 
Pressure d i f f e r e n t i a l ,  atm 
Root mean square pressure d i f f e r e n t i a l ,  atm 
Fuel in jec t ion  pressure d i f f e r e n t i a l ,  atm 
Primary pump pressure , r i se ,  atm 
Pressure l o s s  i n  r ad ia to r ,  atm 
Turbine pressure drop, atm 
Turbine control  valve pressure drop, atm 
Pressure difference across transparent wal l ,  PSF 
Power change, Btu/sec 
Change i n  f u e l  region radius ,  cm o r  i n .  
Coolant temperature d i f f e r e n t i a l ,  deg R 
Change i n  average moderator temperature, deg R 
Change i n  propellant e x i t  temperature, deg R 
Temperature var ia t ion  from nominal value, deg R 
Maximum temperature var ia t ion  from nominal value, deg R 
Time increment, sec 
Volume d i f f e r e n t i a l ,  f t 3  
I 
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LIST OF SYMBOLS (Continued) 
Diaphragm thickness,  f t  
Change i n  hydrogen propellant density,  Lb/ft.3 
Imposed f u e l  in jec t ion  control  valve flow area change, f t 2  
Fuel in jec t ion  control  valve flow area change imposed by 
control  system, f t 2  
Total r e a c t i v i t y  change 
React ivi ty  required t o  compensate fo r  loss of delayed neutrons 
Imposed r e a c t i v i t y  change 
Feedback r e a c t i v i t y  change 
Moderator coolant r e a c t i v i t y  coef f ic ien t  
Nuclear f u e l  r e a c t i v i t y  coef f ic ien t  
Propellant temperature and densi ty  r eac t iv i ty  coef f ic ien t  
Moderator temperature r e a c t i v i t y  coef f ic ien t  
Input perturbation 
Pump ef f ic iency  
Turbine e f f ic iency  
of turbine wheel speed, rpm 
Total temperature d i f f e r e n t i a l ,  deg R 
Fuel decay constant,  sec'l ( reciprocal  of f u e l  residence time) 
Neutron precursor decay constants,  sec'l 
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LIST OF S'YMBOLS (Concluded) 
c1 
V 
P 
pB6 
PD 
PH 
pNe 
pP 
7 
TD 
7 v 
Fluid v iscos i ty  , lb/ f  t- sec 
Turbopump wheel speed, rpm 
Density, Ib / f t3  
Buffer-gas density a t  edge of f u e l  region, l b / f t  3 . 
Diaphragm material  density,  l b / f t 3  
Hydrogen propellant density, lb/f t3  
Neon density,  l b / f t  3 
Average f l u i d  densi ty  i n  pump, lb / f t3  
Acoustic delay time, sec 
Diaphragm response time, sec 
Exhaust nozzle valve time lag ,  sec 
Subscripts 
j j t h  region 
0 Denotes reference condition 
i 
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APPENDIX A 
COMPARISON OF CALCULATED CRITICAL MASSES 
WITH RESULTS OF GE-IDAHO EXPERIMENTS 
j 
. .  
R ,  
Calculations of U-235 c r i t i c a l  masses f o r  the seven-module cavi ty  reactor  experiment 
carr ied out by GE-Idaho were performed and the  r e s u l t s  were compared with the measured 
c r i t i c a l  masses, The seven-module configuration i s  described i n  R e f .  15; a schematic 
diagram of the reactor  i s  shown i n  Fig. 30. In  the experiment, the propellant was 
simulated by inse r t ing  polystyrene (CH) and polyethylene ( C 5 )  between the nuclear 
f u e l  and the cavi ty  walls. 
Previous experience has shown t h a t  two-dimensional calculations f o r  cavi ty  
reac tors  w i t h  complex geometries are very lengthy. Therefore, it was decided t o  
l i m i t  ca lculat ion procedures t o  those f o r  one-dimensional models of the configuration. 
Two models were chosen: (1) a spherical  equal-volume model with fue l ,  simulated 
propel lant ,  voids, tank l i n e r s ,  and heavy water described as  d i s t i n c t  zones within 
the reactor  core (see Fig. 30) ,  and (2)  a spherical  equal-volume model with the core 
materials homogenized (Fig. 31). For the model w i t h  the homogenized core, c e l l -  
weighted (flux- and volume-weighted) average cross sections were obtained f o r  the  
cen t r a l  module of the  core from inf ini te-cyl inder ,  one-dimensional calculat ions.  
The averaged cross sections f o r  the cen t r a l  module were then used f o r  t he  e n t i r e  
homogenized core. A l l  ca lculat ions were performed using neutron t ransport  theory 
w i t h  S 4  angular quadrature (Ref. 16) .  Cross sect ions were generated i n  the  manner 
described i n  R e f .  3. Fast  group cross sections were calculated using the HRG code 
(Ref e 17), thermal group cross sections were calculated using TEMPEST-I1 (Ref e 18), 
and thermal-group up- and down-scattering probabi l i t i es  were calculated using the 
SOPHIST code (Ref. 19). Twenty-five neutron energy groups were employed. 
The experimentally measured c r i t i c a l  mass, when corrected f o r  inser t ion  of a 
nozzle plug, removal of the end-reflector table gap, and foil-to-gas biasing was 
7.82 kg (Ref. 15 ) .  
culated f o r  the equal-volume detailed-core and homogenized-core spherical  geometries 
were 6,93 and 6.52 kg, respect ivelyg 
determined by two d i f f e ren t  approaches were within 11 t o  16 percent of the  
experimentally measured f u e l  loading. These r e s u l t s  a l s o  correlate  t o  calculated 
c r i t i c a l  masses f o r  the reference nuclear l i g h t  bulb engine f o r  which two-dimensional 
t ransport  theory r e s u l t s  (Ref. 3) predicted a c r i t i c a l  mass of 30.9 l b  (14 kg) and 
the corresponding spherical  equal-volume, de ta i led  core model predicted 28.2 l b  
(12.8 kg),  a difference of 10 percent,  
A s  shown i n  the upper portion of Table X ,  c r i t i c a l  masses cal-  
Thus, these calculated c r i t i c a l  masses 
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Considering the geometric compromises involved i n  using spherical  models of a 
bas i ca l ly  cy l indr ica l  configuration, t he  comparisons of calculated and experimental 
f u e l  loadings are  c lose enough t o  provide confidence i n  both spherical  models f o r  
predict ing c r i t i c a l  masses f o r  seven-module type cavi ty  reac tors  such as the nuclear 
l i g h t  bulb engine. 
It i s  a l so  desirable  t o  predict  r e a c t i v i t y  changes produced by composition and 
configuration changes. Therefore, addi t ional  one-dimensional calculat ions were 
performed t o  compare measured and calculated mater ia lwor ths  and t o  compare measured 
and calculated e f f ec t s  of var ia t ions i n  f u e l  region radius  on c r i t i c a l  f u e l  loading. 
Material worths f o r  the nuclear f u e l  and simulated propellant were calculated using 
the homogenized-core spherical  model. Comparisons of the calculated r e s u l t s  t o  the 
measured values are shown i n  Table X. The agreement i s  within 15 t o  20 percent. 
Calculations of the e f f e c t s  of varying the f u e l  region radius were a l so  performed 
using the  homogenized-core spherical  model. The r e s u l t s  of these calculat ions are 
shown i n  Fig. 32 i n  which experimentally measured e f f ec t s  of f u e l  region radius 
changes are shown for  the seven-module experiment and some single-cavity experiments 
(Refs. 15, 20, and 21).  
i n  good agreement w i t h  the  measurements. Also, the  e f f e c t s  of var ia t ions  i n  f u e l  
region radius a re  less severe for the seven-module configuration than for single- 
cav i ty  reactors .  
The calculated r e s u l t s  f o r  the  seven-module experiment are  
* .: 
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APPENDIX B 
SPACE RADIATOR PARAMETRIC STUDIES 
I _. 
r :  
i 
- 
A series of preliminary calculations was made t o  determine the e f f e c t s  of 
various parameters such as rad ia tor  materials,  temperature levels, and dimensions on 
radiator  weight and pressure loss i n  a space radiator  designed t o  reject a portion 
of the moderator heat load. The method of analysis  employed was similar t o  that  
described i n  R e f .  22 f o r  the optimization of double surface radiators  neglecting the  
effects of incident radiat ion from external  sources. I n  th i s  method, the radiator  
heat load, tube diameter, tube and f i n  thickness, i n l e t  tem-mrature, o u t l e t  
temperature, and coolant weight f l o w  are chosen f o r  the desired radiator  configuration. 
The f i n  width,  tube length, t o t a l  radiator  weight and coolant pressure loss  are then 
calculated f o r  a series of assumed values of temperature a t  a point on the f i n  midway 
between the tubes. The var ia t ions i n  f i n  wid th  and tube length w i l l  r e s u l t  i n  a 
m i n i m u m  value of radiator  weight f o r  a spec i f i c  combination of f i n  width and tube 
length. Calculations were performed t o  determine the e f f e c t s  of tube diameter and 
number of tubes i n  order t o  s e l e c t  optimum values of these variables.  A spec i f i c  
tube diameter and number of tubes were selected and used i n  the  calculation of 
rad ia tor  weight and pressure loss f o r  aluminum, s t a i n l e s s  s t e e l ,  and tungsten radia- 
t o r s  a t  various i n l e t  and o u t l e t  temperatures. 
It was determined that  a var ia t ion i n  the number of tubes with a fixed inside 
diameter does not a f f e c t  rad ia tor  weight but does a f f e c t  pressure loss by reducing 
the required tube length. Reductions i n  tube diameter do decrease radiator  weight 
but a l s o  increase pressure loss.  The f i n a l  values selected were a tube inside 
diameter of 0.24 in .  w i t h  6000 tubes. 
The m a x i m u m  allowable temperature i n  the rad ia tor  i s  determined by the rad ia tor  
material. 
s t a i n l e s s  s t e e l ,  and tungsten a re  1500 R,  2500 R, and 3500 R,  respectively.  The 
required w a l l  thickness of the tubes was based on the hoop stress associated w i t h  an 
i n t e r n a l  pressure of approximately 100 atm. 
requires a tube w a l l  thickness of 0.03125 i n .  f o r  aluminum or s t a i n l e s s  s t e e l  
(5000-psi design stress) and 0.01567 in .  f o r  tungsten (10,000-psi design s t r e s s )  e 
A series of calculations of radiator  weight f o r  the aforementioned geometry and 
i n l e t  temperatures was performed f o r  a radiator heat load of 1.09 x lo5 Btu/sec 
(2 *5 percent of t o t a l  engine power) with various values of radiator  e x i t  temperatures 
The r e s u l t s  of these s tudies  a re  shown i n  Figs. 33 and 34, 
It was assumed that the m a x i m u m  allowable temperatures i n  aluminum, 
For a 0,24-in,-ID tube, th i s  pressme 
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In  Fig. 33, the  t o t a l  rad ia tor  weight i s  very dependent upon the  temperature 
range over which the rad ia tor  i s  operating. 
determine a value of rad ia tor  weight f o r  use with the engine without specifying the  
port ion of the moderator heat load which i s  t o  be removed. 
or higher a re  a t ta ined  i n  the  engine coolant c i r c u i t s  only i n  the so l id  moderator 
region, and the major cooling problems i n  the  engine a re  a t  lower leve ls ,  such as  
those encountered i n  cooling the  transparent s t ruc ture  (2000 R )  or i n  cooling the  
beryllium s t r u c t u r a l  components (1400 R )  . 
i s  rejected (3500 R ) ,  t he  radiator  weights a re  on the  order of 1000-lb per percent 
of t o t a l  engine power re jec ted ,  but i f  lower temperature heat i s  removed, the 
required rad ia tor  weight w i l l  increase.  
It i s  therefore  not possible t o  
Temperatures of 2500 R 
It appears t h a t  i f  high-temperature heat 
It should be noted t h a t  the  analysis does not include any consideration of the 
tube thickness which would be required t o  provide protection from meteroid penetra- 
t i on .  Some preliminary invest igat ions have indicated t h a t  the large areas of the 
rad ia tors  and t h i n  walls would r e s u l t  i n  a high probabi l i ty  of meteroid damage. It 
has not been determined i f  it i s  more desirable  t o  use thicker  walls t o  eliminate 
the probabi l i ty  of meteroid penetration or t o  t o l e r a t e  a small leakage r a t e  of 
rad ia tor  coolant due t o  leaks caused by penetrations.  If the rad ia tor  has on the 
order of 6000 tubes and a t o t a l  coolant weight flow of 20 lb/sec,  the  loss of a s ingle  
rad ia tor  tube by meteroid damage would cause a leak r a t e  of 0.0033 lb/sec.  Since 
the  t o t a l  running time ant ic ipated fo r  the engine i s  on the  order of 1000 sec,  t h i s  
leak r a t e  would r e s u l t  i n  the loss of 3.3 l b  which i s  negl igible  r e l a t i v e  t o  the  
primary hydrogen flow requirement of 42,300 l b  f o r  a 1000-sec run. 
"0 
I 
\ 
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APPENDIX C 
. .  
t 
ALTERNATE CONFIGURATION FOR NUCLEAR LIGHT BULB ENGINE 
Analyses were made f o r  a nuclear l i g h t  bulb engine i n  which the average inside 
diameter of the  uni t  c e l l s  (hence, the number of c e l l s  per engine) was varied. The 
motivations f o r  reducing uni t  c e l l  s i ze  were t o  increase the allowable burst ing and 
compressive pressure loads on the transparent wal ls  and t o  br ing the  u n i t  c e l l  s i ze  
i n t o  the range which could be tes ted  fu l l - sca l e  i n  a nuclear reactor .  
was calculated f o r  a constant power l eve l  of 4600 megw and for  constant coolant and 
propellant pressure drops throughout the system. It was found that  f o r  large numbers 
of c e l l s  i n  a hexagonal a r ray  (61 or  more), engine performance deter iorated.  
reduction i n  performance resul ted from increases i n  f l o w  r a t e s ,  coolant passage 
s izes ,  and engine weight required as  convective heat loads t o  the  transparent walls 
and cavi ty  l i n e r s  increased. The increase i n  convective heat load as the number of 
c e l l s  increases i s  caused by an accompanying increase i n  surface-to-volume r a t i o  f o r  
the  propellant ducts. 
Performance 
This 
Additional matters of concern w i t h  smaller un i t  c e l l s  are  the divergence and 
ef fec t ive  length-to-diameter r a t i o  of the propellant channels. These two fac to r s  
should be chosen t o  minimize convective heat  t ransfer  t o  the transparent walls and 
cavi ty  l i n e r s  and t o  provide adequate stream divergence t o  minimize propellant seed 
coating on duct walls. An a l t e rna te  configuration (Fig. 35) was conceived i n  which 
near ly  rectangular propellant ducts a re  shared by adjacent c e l l s .  Each propellant 
channel subtends a 60-deg segment of transparent w s l l  such t h a t  i n  a hexagonal array,  
each c e l l  shares s i x  propellant channels w i t h  i t s  s i x  surrounding neighbors. 
I n t e r s t i t i a l  moderator regions can be designed t o  contain the in t e rna l ly  cooled 
transparent w a l l  manifolding. 
The 
1. 
2, 
3.  
advantages of this  configuration a re :  
Each arc  of transparent w a l l  i s  60-deg instead 
increases the  allowable collapsing pressure load by approximately 4 times a 
of 120-deg. This 
The transparent-wall manifolds can be imbedded i n  moderator material ,  
thus  doing away w i t h  the  S t r u t  supports i n  the current reference engine. 
The divergence of the  propellant ducts i s  s l i g h t l y  larger  and the r a t i o  
of propellant duct length t o  i n l e t  width i s  much smaller f o r  the a l t e rna te  
configuration than f o r  the  reference engine, This should reduce propel lant  
seed coating on duct walls. 
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4, For fixed transparent-wall radius and propellant duct cross-sectional 
area,  the propellant duct surface-to-volume r a t i o  i s  smaller for  the  
a l t e rna te  configuration than fo r  t he  reference engine, thus reducing 
the convective heat load t o  the duct walls.  
Specific numerical comparisons of various propert ies  of a 37-cell  a l t e rna te  
Configuration and the  reference engine are  contained i n  Table X I .  
calculat ions indicate  t h a t  a 37-cell  engine employing the  a l te rna te  propellant duct 
configurations could be designed w i t h  values of convective heat loads, propellant 
duct divergence, and a propellant duct length-to-inlet  width r a t i o  s i m i l a r  t o  those 
f o r  the reference engine. A t  a power leve l  of 4600 megw this  configuration would 
have a spec i f ic  impulse of 1760 sec, a hydrogen f l o w  r a t e  of 47.1 lb/sec,  a t o t a l  
propellant flow r a t e  (hydrogen, seed, t ranspirat ion coolant) of 56.8 lb/sec,  and a 
t h r u s t  of 100,000 lb .  Because of the increase i n  the number of c e l l s ,  the t rans-  
parent-wall diameter would be reduced t o  7.4 in .  
collapsing pressures across the  transparent walls would be 6.9 and 7.4 atm, 
respect ively,  compared with about 1.0 and 0.1 atm f o r  the reference engine. 
in-reactor t e s t s  of unit c e l l s  more nearly approaching the  s i ze  of the fu l l - s ca l e  
engine c e l l s  could be performed. 
'Preliminary 
The allowable burst ing and 
Also, 
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TABU I 
I i  
f 
FULL-POWER, STEADY-STATE MODERATOR AND 
STRUCTUIIF: €EAT DEPOSITION RATES 
' ?  
! 
j 
:r 
! 
i 
Fuel - U-233 
1 
Mechanism of Heating I Region 
Pressure Vessel Neutron and Gamma 
Nozzles I Neutron and Gamma 
Flow Divider 
T i e  Rods 
Cavity End Walls 
Neutron and Gamma and Conduction 
Neutron and Gama and Conduction 
Thermal Radiation and Conduction 
Cavity Liner Thermal Radiation and Conduction 
Transparent Structure  Thermal Radiation and Conduction 
Fuel Recycle System Removal of Heat from Fuel 
Upper and Lower End Moderator Neutron and Gamma 
Beryllium Oxide 
Graphite 
Direct Hydrogen Heating 
Neutron and Gamma 
Neutron and Gamma 
Neutron and Gamma 
Total  
Percent of Total  Power 
Heat Deposition 
Rate, Btu/sec* i I 0.1.093 x lo5 
0.0008 x lo5 1 
0.0676 x lo5 
12 15 per cent 
1 
* Total heating i n  pressure vessel i s  0,165 x 105, It i s  assumed t h a t  only 2/3 
of the t o t a l  w i l l  be removed by the  closed secondary hydrogen coolant c i r c u i t  
and the remaining l /3 w i l l  be removed by the  hydrogen which i s  used f o r  
I t ranspi ra t ion  cooling of t he  exhaust nozzles, 
** lo5 Btu/sec = 105.5 mew. 
*=Includes 0,305 x 105 Btu/sec from f i s s ion  product heating (corresponds t o  
5-min run t i m e ) ,  
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TABU I1 
FULL-POWER, STEADY-STATE TEMPERATURE ENTHALPY, AND 
F'RESSURE LENELS I N  PRIMARY HYDROGEN PROPELLANT CIRCUIT 
Hydrogen Propellant Flow = 42.3 lb/sec 
Stat ion Numbers Refer t o  Locations Shown i n  Fig. 2 
Stat ion 
1000 
1010 
1020 
1025 
1040 
1060* 
1070* 
1090* 
1110 
1115 
Location 
Pump I n l e t  
Fuel Cycle Heat Exchanger I n l e t  
Secondary Heat Exchanger I n l e t  
Secondary Heat Exchanger Outlet 
Turbine Outlet 
Upper End Moderator Outlet  
Axial Beryllium Oxide Out l e t  
Lower End Moderator Outlet 
Graphite Outlet  
Propellant, Including Direct 
H2 Heating 
*Lumped i n  sol id  moderator region i n  Fig. 2 
62 
Temperature, 
deg R 
36 
90 
640 
2 9 095 
1,889 
2,039 
2,608 
2,907 
3,217 
12 9 157 
Enthalpy, 
Btu/lb 
120 
5 50 
1 9  979 
7,143 
6,600 
7,135 
9 ¶ 134 
10,172 
11 262 
103 9 500 
Pressure 
atm 
1.0 
713 
712 
710 
507 
506.9 
500.64 
500.4 
500 
5 00 
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TABLE I11 
FULL-POWER, STEADY-STATE TEMPERATUI?E, ENTHALPY, AND 
l?RESSuRF: LEVELS I N  CLOSED SECONDARY HYDROGEN CIRCUIT 
Hydrogen Coolant Circui t  Flaw = 42.3 lb/sec 
Stat ion Numbers Refer t o  Locations Shown i n  Fig. 2 
Stat ion 
2010 
2016 
2017 
2020 
2026 
2030 
2040 
2000 
Location 
Pressure Vessel Liner I n l e t  
Nozzle I n l e t  
Lower End Wall Liner I n l e t  
Tie Ro4 Flow Divider, and 
Cavity Liner I n l e t  
Upper End Wall Liner I n l e t  
Transparent Wall I n l e t  
Transparent Wall Outlet 
Heat Exchanger Outlet 
Temperature 
deg R 
Enthalpy, 
Btu/lb 
2270 
2508 
2510 
2582 
4673 
4745 
7414 
2250 
Pressure, 
atm 
5 10 
508 
507.5 
507 5 
502.4 
502.4 
500 
498 
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Stat ion 
TABLE I V  
Location ~ 
FULL-POWER, STEADY-STATE TEMPERATURF: AND 
ENTHALPY LEVELS I N  NEON AND FUEL CIRCUIT 
(Note: Station'Numbers Refer t o  Locations Shown i n  Fig. 2 )  
Temperature, 
deg R 
Total Neon Flow Per C a v i t p  = 21.1 lb/sec (147.7 lb/sec.for  7 c a v i t i e s )  
Total Fuel Flow Per Cavdty = 1.07 lb/sec (7.5 lb/sec for 7 c a v i t i e s )  
Enthalpy, 
Btu/lb - 
184 
189 
2663 
2663. 
3000 
3010 
3020 
3030 
47 
48 
457 
45 7 
H-Ne Heat Exchanger Outlet 
Pump Outlet*. 
Cavity Outlet  
H-Ne Heat Exchanger I n l e t  
*The required neon flow rate i n t o  each cavi ty  i s  3.51 lb/sec (24.57 lb /sec , for  
7 cavities);  17.59 lb/sec (123.13 lb/sec f o r  7 cav i t i e s )  of neon bypasses the cavi ty  
and i s  mixed with the flow which e x i t s  from the cavi ty  t o  condense the  f u e l  before 
the neon-fuel mixture enters  t he  separator. 
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Time  
TABU V 
Event 
SEQUENCE OF EVENTS DURING START-UP FOR 
LINEAR TEMPERATURE RAMPS 
Flaw Rate, 
Propellant 
Wp - lb/sec 
Conditions After Event 
Rate, W - Rate, WF- Mass, Power, 
Neon Flow Fuel Flow Fuel Engine 
lb/sec lb/sec % - l b  Q - me 
Engine 
Pressure 
Pc - atm 
PHASE I 
-80 sec 
t o  
-55 sec 
-55 sec 
t o  
-40 sec 
Bring turbo- 0 
Pump UP t o  
22000 rpm 
using external  
power source 
Pressurize 71 
engine t o  
71 a t m  
-40 sec 
t o  
-35 sec 
I n i t i a t e  flow 
i n  a l l  c i r c u i t s  
except f u e l  
i n j e c t  ton 
71 
-35 sec 
t o  
-15 see 
Star t  f u e l  
in jec t ion  t o  
obtain cold 
c r i t i c a l  mass 
( 2 7 , l  l b )  
71 
-15 sec 
t o  
3 sec 
Stab ili z e 
engine a t  
0.1 percent 
of f u l l  power 
71 
0 
0 
0 
2 7 2  
27.1 
0 
0 
4.6 
(Continued) 
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Time 
TABLE V (Concluded) 
Engine 
B e  s sure, 
Event Pc - atm 
27.1 
see 
Fig. 14 
see 
Fig. 14 
PHASE I1 
0 4.6 
see 
Fig. 3 
4600 
0-6 see 
or 
0-60 see 
6 sec 
or 
60 sec 
Begin s ta r t -up  
power ramp 
Var i a t i on 
during start- 
up power ramp 
End s ta r t -up  
power ramp 
71 
see 
Fig. 10 
500 
Propellant 
Flow Rate, 
Wp - lb/sec 
0.423 
l i nea r  
42.3 
Neon Flow 
Rate, W - 
N 
lb/sec 
I
l i nea r  see 
Fig. 5 
147.7 7.75 
, 
r 
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1 
' i  
1. 
2. 
3. 
4 .  
5 -  
TABLE V I  
ASSUMPTIONS EMPLOYED I N  E>TGINE DYNAMICS SIMULATION 
Reactivity feedback coeff ic ients  and operating charac te r i s t ics  a t  nominal f u l l -  
power were taken from Refs. 1 and 2, and have the following values: 
Operating Power 
Chamber Pres sure 
Fuel Radiating Temperature 
Propellant Exit  Temperature 
Average Fuel Residence Time 
Cr i t i ca l  Mass 
Prompt Ne u t  r on Lifetime 
Fuel Radius 
Average Thermal Fission Cross Section 
Steady-State Fuel Inject ion Rate 
Excess Reactivity Required t o  Offset 
Loss of Delayed Neutrons, 6ko 
Reactivity Feedback Coefficients:  
=. 4,600 megw 
= 500 atm 
= 15,000 deg R 
= 12,000 deg R 
= 4 sec 
= 30 l b  
= 0.000516 sec 
= 193 barns 
= 7.5 lb/sec 
= 0.681 f t  
= 0.001480 
= fl.384 
Moderator Temperature (Gk/k)/(A%/TM) = -1-0.0083 
Propellant Density, (Gk/k)/(AP /PH )prop = +0.0200 
Moderator Coolant Density, (t$i)/~*pH/PHo)mod = -0.0155 
Propellant Temperature, (Gk/k)/(ATp/Tpo) = -I-O.0100 
Fuel Region Radius, (6k/k)/(ARF/RF) = -1-0.0520 
Heat storage capacity i s  negligible i n  a l l  components except the sol id  moderator 
region. The assumed values of mc i n  the sol id  moderator regions were 
5124 Btu/deg R for  the Be0 and 64 E 0 Btu/deg R fo r  the graphite. 
Choked f l a w  conditions e x i s t  i n  the e x i t  nozzle throat. 
The turbopump charac te r i s t ics  used i n  the program are:  
Steady-state wheel speed 
Moment of i n e r t i a  of turbopump uni t  = 130 ft-lb-sec2 
= 22,000 rpm 
The t o t a l  flow r a t e  i n  a l l  c i r c u i t s  w i l l  vary d i r ec t ly  with turbine wheel speed 
and the pump head r i s e  w i l l  vary with the  square of the wheel speed. 
(Continued ) 
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TABLE V I  (Concluded) 
6 ,  Fission product heating i n  the f u e l  cycle c i r c u i t  var ies  w i t h  time according 
t o  the  expression QFP = 1 8 9 0 4 ,  where t i s  the  t o t a l  elapsed t i m e  of 
operation i n  seconds, and QFP i s  i n  Btu/sec. 
7. Constant physical properties of the coolants are used i n  each region. 
8. Constant t ransport  lags  and acoustic lags  assumed f o r  a l l  regions and piping 
systems on the bas i s  of reference coolant flow veloc i t ies  and loca l  temperature 
and pressure levels .  
9. Fuel in jec t ion  rate assumed t o  vary as the square root  of the in jec t ion  system 
pressure drop, WFaq- where pF regula6ed t o  be 500.25 a t m .  
- .  
1 
68 
Volume, 
f t3' 
Charac- 
t e r i s  t i c  
. Length, 
f t  
2 860 7 .OO 
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TABU V I 1  
CHARACTERISTIC TIMES FOR SOUl?D TRANSMISSION THROUGH GASES 
I N  ENGINE COMPONENTS AT FULL-POWER OPERATING CONDITIONS 
Region 
Aver age 
Gas 
Den l b  /'f t 
Total  
Gas 
Weight , 
lb 
Sonic I t e r i s t i i  Charac- 
f t / s e c  10-3 se 
Velocity Time, 
Primary Hydrogen Propellant C i r c u i t  
li.lii 8 200 Heat Exchanger, Turbopump and Manifolding 
Solid Moderator 
0 ., 686 105 153 20 
0.493 25.8 
0.171 14.5 
0 0 075 1.5 
0 -457 141.8 
9 9 780 1.80 
14,000 0 $13 
21,000 0.12 
9 2 600 4.79 
Cavity Region 
Nozzle 
Total Primary 
310 46 ,o Propellant System 
Neon and Fuel Ci rcu i t  
85 6.0 0.955 81 5,880 I 1.02 
Piping, Manifolding, 
Heat Exchanger and 
Separator Region 92 180 
~~ 
Total Neon and 
Fuel Circui t  177 3,250 1 8.02 26,o 261 
TABIX VlII 
FACTORS AND ASSUMED INPUT VARIABLES USED I N  !EMF!ERATURE VARIATION ANALYSIS 
Assumed Input 
Variation L i m i t s  Symbol Factor 
Heat Flux Deposition Rate, Btu/sec fo e 10 Q/Q 
Mass f l o w  rate, lb/sec 
Specif ic  heat, Btu/lb-deg R 
20.05 
20.01 
+ Viscosity of coolant, l b / f t  -see -0.10 
Thermal conductivity of coolant, Btu/ft-see-deg R 50 e 10 
Thermal conductivity of structure, Btu/ft-see-deg R 50 0 10 
Coolant i n l e t  temperature, deg R i0 e 05 
Coolarit passage length, f t  i o  .01 
Coolant passage in t e rna l  diameter, f t  see below 
Coolant tube w a l l  thickness, f t  see below 
As/s Coolant hole spacing see below 
Re  g i  on 
Variable Transparent Cavity Upper . Upper Axial Lower Lower Axi a1 
Structure Liner Graphite Be0 Be0 Be0 Graphite Graphite 
v 
50 025 + + + Adi/di fo  .20 i o  10 -0.01 20.10 +O.lO -0.10 -0.05 
Ax/x 20.40 k O h 0  NA* NA NA NA NA NA 
20,025 + + + + + As/s NA NA -0.01 -OJO -0.10 -o,io -0.05 
a 
M o t  applicable 
J-910900-5 
! 
Region 
TABLE I X  
TEMPERATURF: VARIATIONS I N  SKlCIFIC REGIONS OF NLB mACTOR 
Factors Which Lead t o  Greatest 
Variation i n  Material Temperature 
(see Table VIII) 
Resulting Temperature 
Variation Extremes, deg R 
+ Transparent Structure A&/& -103.6 
A di/di 2 21.20 
+ A x/x - 76.00 
+ Total Temperature Variation -314 0 75 
Cavity Liner 2 63.40 
2 30.89 
+ - 5.94 
2 6.34 
2 42.9 
Total Temperature Variation + -149.47 
~~ 
Upper Graphite + - 32.40 
2 6.66 
2 94.45 
+ - 20.70 
i- 6.003 
Total Temperature Variation h60.21 
(Continued) 
7 1  
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Region 
Upper Be0 
TABm I X  (Continued) 
Factors Which Lead t o  Greatest 
Variation i n  Material  Temperatures 
(see Table V I I I )  
AQ/Q 
Aw/w 
< 
' i  Resulting Temperature 
Variation Extremes, deg R 
f 25.60 
2 10.6 
2' 6.66 
- 95.3 
- 6.67 
+ 
+ 
Total Temperature Variation + - 144 e 83 
Axial Be0 2102 60 
+ - 32.45 
-101.45 
- 35.70 
+ 
+ 
+ 
-103853 
Total  Temperature Variation 
Lower Be0 1- - 43.50 
+ - 13.50 
-130.4 + 
+ - 42.05 
+ - 13.05 
Total  Temperature Variation + -242 50 
(Continued) 
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TABLE I X  (Concluded) 
Region 
Lower Graphite 
Factors Which Lead t o  Greatest 
Variation i n  Ma-berial Temperatures 
(see Table VIII) 
Total Temper a t  ure Variation 
Resulting Temperature 
Variation Extremes, deg R 
2 23.44 
+ - 13.50 
+ - 4.33 
2 6.66 
+ -183 e 7% 
Axial Graphite 65 .oo 
+ - 19.50 
'145 -35 
+ - 24.00 
+ - 17.40 
+ 
Total Temper a t  ure Variation -271.25 
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Two-Dimensional 
Neutron Transport Theory 
14.0 
TABLE X 
One-Dimensional 
Neutron Transport Theory 
Detailed Spherical Model 
12-8 
COMPARISON OF EXPERIMENTAL AND CALCULATED CRITICAL MASSES 
AND NUCLEAR FUEL WORTHS FOR SEVEN-CAVITY CONFIGURATIONS 
Calculations Performed Using One-Dimensional Neutron Transport Theory 
(Description of Seven-Modale Cavity Reactor Experiment Given i n  R e f .  15 and Fig. 31) 
C r i t i c a l  Mass 
of Uranium, 
M c ,  kg 
Calculation Calculation 
D e  t a i l e d  Homogenized-Cor 
Experiment Spherical Model Spherical  Model 
7.82 6.93 6.52 
(See Ref. 3 f o r  
C r i t i c a l  Mass 
of U-233 
Mc3 .kg 
J-910900-5 
TABLE X I  
COMPARISON OF GEOMETRIC AND PEWORMANCE CHARACTERISTICS FOR A 
(See APPENDIX C and Fig. 35) 
Power = 4600 megw 
37-CELL ALTERNATE COID'IGURATION AND THE 7-CELL NUCLEAR LIGHT BUIJ3 ENGINE 
Compared Character is t ic  
Propellant Duct Length/Inlet Width 
Transparent-Wall Bursting Pressure 
Wansparent-Wall Collapsing Pressure 
Power Convected t o  Liners 
Power Convected t o  Wansparent Walls 
Hydrogen Flow Rate 
Total Propellant Flow Rate 
Specific Impulse 
T h r u s t  
37-Cell Alternate 
Configuration 
42 *5 
6.9 atm 
7.4 atm 
79.8 megw 
80.9 megw 
47.0 lb/sec 
56.8 lb/sec 
1760 see 
100,000 l b  
Reference 
Engine 
64 -5 
1,O atm 
0.1 atm 
81.0 megw 
59.5 megw 
42.3 lb/sec 
49.5 lb/sec 
1870 see 
92,000 l b  
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GI 
MODERATOR FLOW Dl VI D ER 
VARIABLE SECTION A-A 
AREA NOZZLES 
MODERATOR 
PRESSURE SHELL 
HEAT EXCHANGERS, 
MODE R A T 0  R 
UNIT CAVITY 
r FUEL INJECTOR 7 
SEEDED 
PROPELLANT 
TRANSPARENT 
B 
NEON 
B THERMAL RADIATION 
GASEOUS NUCLEAR FUEL 
TH RU-FLO W 
SECTION B-B 
CAVITY L INER WITH 
REFLECTING WALL 
............... .............. ............... ................ ................ 
.-.I 
VORTEX - 
REGION 
NEON INJ ECTION PORT 
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STATIONS DENOTED BY FOUR-DIGIT NUMBERS ,NOT IN  PARENTHESES 
DESIGN TEMPERATURE LEVELS DENOTED BY NUMBERS IN PARENTHESES 
TURBINE 
MOD ERATO R 
TURBINE 
CONTROL 
VALVE 
H-H HEAT 
SECONDARY HYDROGEN CIRCUIT EXCHANGER 
SE CO N DA RY P RlMARY 
P ROP EL LANT 
CIRCUIT 
HYDROGEN HYDROGEN PUMP 
DESIGN FLOW 
RATE = 42.3 LB/SEC 
H-Ne HEAT 
EXCH AN G E R 
SEP AR A T 0  R 
NEON PUMP 
HYDROGEN 
TOTAL NEON FLOW RATE = 147.7 LB/SEC 
7.5 LB/SEC 
77 
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LINEAR TF 
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INITIAL HYDROGEN FLOW RATE FUEL RESIDENCE TIME INITIAL PRESSURE 
0.42 LB/SEC 4 SEC 71 ATM 
IG. 3 
HYDROGEN PROPELLANT FLOW RATE INCREASED LINEARLY WITH TIME DURING START-UP 
I LINEARPOWER I 4.23 LB/SEC I 20 SEC I 20 ATM 
lo7 
5 
2 
5 
a?" loc 
B 
W 
5 
2 
5 
2 
lo3 
30-1 2 5 2 5 10'  2 5 102 
i 
1 
. " ,  
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b '  
FIG. 5 
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(AF)o = STEADY STATE VALUE OF CONTROL VALVE AREA 
AF/(AF)o = 
LINEAR TF 
LINEAR POWER 
I TYPE OF RAMP I ~NITIAL HYDROGEN FLOW RATE ~IFUEL RESIDENCE  TIME^ INITIAL PRESSURE I 
0-42 LB/SEC 4 SEC 71 A I M  
20 ATM 423 Le/SEC 20 SEC 
1 Q - l '  2' 5 2 5 2 5 102 
-9 10900-5 
T Y P E O F  RAMP INITIAL HYDROGEN FLOW RATE FUEL RESIDENCE TIME 
LINEAR T/F 0.42 LB/SEC 4 SEC 
LINEAR POWER 4.23 LB/SEC 20 SEC 
NOZZLE AREA SHOWN IS TOTAL REQUIRED FOR ALL NOZZLES 
NOZZLE AREAS BASED ON THROAT FLOW PARAMETERS OF REF.12 
HYDROGEN PROPELLANT FLOW RATE INCREASED LINEARLY 
WITH TIME DURING START-UP 
INITIAL PRESSURE 
71 ATM 
20 ATM 
e4 
I- 
Le 
I 
4 
* 
a‘ 
pc 
4 
- 8 6  
10-1 
5 
2 
IO-’ 
5 
2 
10’’ 5 1 oo a 5 10’ 2 5 102 
0-3 
, t - S  
. .. 
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MAXIMUM VALUE OF dp/dt = 100 ATM/SEC 
EXHAUST NOZZLE AREA VARIED TO CONTROL PRIMARY PROPELLANT PRESSURE 
VARIABLE 
AREA EXHAUST 
NOZZLE 
TRANSFER LEXlBbE 
VOLUME APH R AGh4 
HIGH PRESSURE LOW PRESSURE 
NEON TANK NEON TANK. 
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m 100 
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PRESSURES BASED ON NEON TEMPERATURE AND DENSITY AT EDGE OF F U E L  
HYDROGEN PROPELLANT FLOW RATE INCREASED LINEARLY 
WITH TIME DURING START-UP 
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HYDROGEN PROPELLANT FLOW RATE INCREASED LINEARLY 
WITH TIME DURING START-UP 
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IMU 
CALCULATE STEADY STATE 
REACTIVITY 6K0,  STEADY 
STATE PRECURSOR CONC. C(0) 
CALCULATE TIME STEP, A t  t
CALCUL AT E 
PERTURBATION, 6 ( t f  
CALCULATE P RESSU RE, 
TURBOPUMP WHEEL SPEED, 
SECONDARY AND PRIMARY 
COOLANT FLOW RATE, 
TRANSFER VOLUME 
REQUIREMENTS 
CALCULATE REACT1 VI TY, 
6K(t) ;  NEUTRON LEVEL, 
N(t); POWER LEVEL, Q(t) 
CALCULATE EXIT TEMPERATURE, Tft), 
IN SECONDARY CIRCUIT FOR H-H HEAT 
EXCHANGER, PUMP , (PRESSURE VESSEL, 
END WALLS), (CAVITY LINER, T IE RODS, 
FLOW DIVIDERS), TRANSPARENT WALLS I 
I WRITE OUTPUT 
I 
CALCULATE FUEL RADIATING TEMP, 
T"; FUEL FLOW RATE, W,(t); 
FUEL 2 ECAY CONSTANT,AF(t); 
CONTAINED FUEL MASS, M(t); 
P RECU RSO R CON CENT RATIONS, C( t) 
1 1 
CALCULATE EXIT TEMPERATURE, T(t), 
IN PRIMARY CIRCUIT FOR PUMP, H-Ne 
HEAT EXCHANGER, TURBINE, BULK 
MODERATOR , PROPELLANT 
IN FUEL CYCLE CIRCUIT FOR PUMP, 
FUEL CAVITY, SEPARATOR, H-Ne 
HEAT EXCHANGER 
, 
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d l ,  
CONSTANT FUEL RADIUS 
6 Kk==]9.7665 X lom4 
6KJ 7
(a) FUEL INJECTION PR IAL , APp = 0.25 ATM 
CT I ss NTIA~,AIP~' = '0.50 A A (b) FU 
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CONSTANT F U E L  RADIUS 
APF = 0.25 ATM 
i 
i 
8K1 =; 9.7665 X 
t O 
TO 6K1 = 9,7665 X 
Y 0 0.2 0.4 0.6 0.8 
, t - S  
1 .o 
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CONSTANT FUEL RADIUS 
h P F  = 0.25 ATM 
a K ,  = 9.7665 X 
(a) RESP FOR 6K1 = 9.7665 X IO-4  
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CONTROL ACHIEVED BY VARYING'AREA OF FUEL 
CONTROL VALVE SHOWN IN FIGS. 2 AND 4 
I F  N/No< 0.95 INCREASE 
AT CONSTANT RATE 
TO FUEL CONTROLVALVE 
t 
I F  N/No >LO5 REDUCE A F  
AT CONSTANT RATE 
AF 
ABSOLUTE FLUX 
L E V E L  CONTROL; 
MONITORS N 
L E V E L  SENSOR 
RATE OF CHANGE 
I F(l /N)(dN/dt)  <0.95 INCREASE AF I F  (l/N)(dN/dt) > 1.05 REDUCE AF 
P RO P 0 RTl  ON AL TO (l/N)(dN/dt) PROPORTIONAL TO (1/N) (dN/dt) 
TO FUEL CONTROL VALVE 
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CQMSTAMT 'FUEL RADIUS 
AlpF = 0.25 ATM 
8K, = 9.7665 X lom4 
I 
. "  
& I  
E 
l 
,_, i
- 
0 t 1 
L MASS VARIATION 
4 X  
I + 
a . 
10-5 
3 
2 
1 
0 
- 1  
0 0-2 0.4 0,6 0.8 
, t - S  
9.0 
97 
-9 9 0900 -5 FIG. 2.1 (f),(g) 
a 
Y e 
rr a 
5 
U x e 
r 
3 
4 
Y 
CONSTANT FUEL RADIUS 
APF = 0.25 ATM 
x 10 
x 10 
8 K 1  = 9.7665 X 
I------ 
'0 t 
ACTIVITY COEFFICIENT DU 0 PROPELLANT DENSITY 
ANDTEMPERATUR 
(9) REACTIVITY COEFFICIENT DU 
0 0.2 0,4 0.6 0.8 1.0 
, t - s  
98 
-9 10900- 
r 
u 
CONSTANT FUEL RADIUS 
AP, = 0.25 ATM 
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CONSTANT FUEL RADIUS 
hPF = 0.25 ATM 
6K1 = 9.7665 X 
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CONSTANT FUEL RADIUS 
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CONSTANT F U E L  RADIUS 
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CONSTANT F U E L  R'ADIUS 
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CONTROL RESPONDS TO VALUES OF ( 1 / N )  (dN/dt) GREATER THAN 1.005 
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FUEL INJECTION RATE, W F  = 0 AT t = to 
Q, = 4600 MEGW 
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SEE TABLE V l l l  AND IX FOR DESCRIPTION O F  VARIABLE FACTORS CONSIDERED IN EACH COMPONENT 
A T v  = TEMPERATURE VARIATION FROM NOMINAL VALUE 
(ATVIMAX = MAXIMUM TEMPERATURE VARIATION FROM NOMINAL VALUE 
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SEE TABLES V l l l  AND I X  FOR DESCRIPTION OF VARIABLE FACTORS CONSIDERED IN EACH COMPONENT 
ATv = TEMPERATURE VARIATION FROM NOMINAL VALUE 
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SEE APPENDIX B FOR DESCRIPTION OF RADIATOR CONFIGURATION 
HYDROGENCOOLANT 
T O T A L  HEAT REJECTED BY RADIATOR= 115 MEGW (25 PERCEXT OF TOTAL ENGINE POWER) 
T U B E  I D  =0.24 IN, NUMBER O F  TUBES = 6000 
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SEE APPENDIX B FOR DESCRIPTION OF RADIATOR CONFIGURATION 
HYDROGEN COOLANT 
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SEE APPENDIX C FOR DESCRIPTION OF CONFIGURATION 
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